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Abstract
The region o f the optical spectrum known as the Ultraviolet (UV) has long been a 
waveband o f interest for atmospheric studies. Space-based observations o f the 
backscattered radiation in this region can provide a significant amount o f  information 
regarding the atmospheric dynamics and composition. Important atmospheric 
constituents such as: Ozone, Sulphur Dioxide and Aerosols are normally studied using 
instrumentation observing specific wavelengths in the UV. In this region, the radiance 
levels are at least two orders o f magnitude lower than in the visible range. Therefore, 
the instrumentation requirements are severe and the remote sensing efforts have 
traditionally relied almost exclusively on a few large-scale satellite platforms that 
provide a limited number of observations.
This thesis contributes to the state-of-the-art in instrument design by developing a 
novel miniaturised UV imaging spectrometer. This low-cost instrument concept is 
suitable for a constellation o f low-cost micro-satellites and with an adequate 
performance to provide additional atmospheric observations o f scientific value. 
Applications such as: climate studies on ozone depletion, aerosol dynamics and 
volcanic monitoring o f  emissions normally containing sulphur dioxide can greatly 
benefit if  additional daily observations from this instrument are provided. 
Furthermore, an efficient monitoring o f hazardous volcanic clouds for aviation 
activities could be implemented taking advantage o f the rapid response and current 
operational capabilities o f micro-satellites.
A suitable instrument is proposed for the above mentioned applications with ground 
sample distance o f 7 x 30 km and daily revisits are possible if  used in a constellation. 
The use o f key components such as visible-blind Silicon Carbide (SiC) detectors and 
high-efficiency transmission gratings is proposed to allow the sensitivity required for 
the applications. A comprehensive model was developed to account for atmospheric 
conditions and instrument specifications for an appropriate set o f wavelengths (305- 
315 nm, 331 nm and 360 nm @ ~1 nm resolution). A prototype was built to confirm 
the sensitivity and low-noise performance; the results obtained indicate its suitability 
for use in retrieval algorithms which are also given. The instrument concept 
developed can enable micro-satellites with UV capabilities for new atmospheric 
missions.
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1. Introduction
1. Introduction
Constellations o f  micro-satellites provide excellent and affordable methodology for 
atmospheric studies due to their operational capabilities enabling global observations 
and rapid response. Global coverage is important for: ozone monitoring, aerosol, air 
pollution and climate change studies; whereas rapid response is crucial in disaster 
monitoring situations such as: volcanic eruptions or plumes affecting air traffic. 
However, these important applications have not been reached by small satellites yet. 
In this thesis, the potential o f micro-satellites and requirements for these applications 
are assessed. As a result a novel miniaturised instrument is proposed for atmospheric 
and volcanic monitoring applications, capable o f providing additional observations at 
low-cost from microsatellite platforms
1.1 Motivation
Obtaining atmospheric information o f scientific value from micro satellites (mass 50- 
1 0 0  kg) is difficult because o f the stringent application requirements in terms of: 
spatial, temporal, spectral and radiometric resolution required to derive useful 
products. Furthermore, the intrinsic limitations o f micro-satellite instrumentation in: 
mass, power, size and cost have precluded their use in most atmospheric monitoring 
applications, especially those using ultraviolet radiation (UV). Conversely, for 
disaster and monitoring applications using visible bands, the capabilities o f small 
satellites have been proven successfully.
Enabling micro-satellites to have UV capabilities o f adequate specification would 
contribute additional observations o f the atmosphere. This particular wavelength 
range has long been used to study the atmospheric dynamics o f some o f its important 
constituents such as: Ozone ( O 3 ) ,  Sulphur Dioxide (SO2) and Absorbing Aerosols 
(AA) from biomass burning, or mineral dust. Climate change studies require the 
observation of trends in ozone concentrations and its seasonal depletion because the 
change in ozone to a given precursor is less clear. These studies also require 
quantitative information on volcanic emissions (usually containing significant 
amounts o f SO2), since these are a natural ‘tracer’ with reasonably well constrained 
injection times and locations [1]. Other applications include: air pollution radiation,
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energy balance, the transport o f aerosols, smoke from biomass burning and mineral 
dust affecting the Earth’s climate system.
One particular application that motivated this research is the monitoring o f volcanic 
emissions and the existing need for observations o f sulphur dioxide (SO2) released 
from volcanic activity. To date, there is no satellite mission dedicated to monitor 
volcanic clouds. All observations are obtained from instruments and platforms that 
were not specifically designed for this purpose. They often offer inadequate 
capabilities, algorithms and resolutions as a result o f trade-offs granted by not being 
the main object o f study. Nevertheless, because o f the importance o f this 
phenomenon, various services have included volcanic products in addition to other 
standard products (UV radiation, Air Pollution, Ozone and Aerosols). Some o f these 
services have recently been considered or added in programs such as:
■ PROtocol MOniToring for the Global Monitoring for Environment and 
Security (GMES) Service Element (PROMOTE) supported by the European 
Space Agency (ESA) [2].
■ Tropospheric Emission Monitoring Internet Service (TEMIS) also supported 
by ESA [3]
■ Network for Observation o f Volcanic and Atmospheric Change (NOVAC), a 
4-year scientific project funded by European Union [4]. It started on 1 
October, 2005. The main objective o f this project is to establish a network for 
measurements o f the emissions o f gases, in particular SO2 , Bromine Monoxide 
(BrO) and aerosols by volcanoes.
■ The Global Earth Observation System o f Systems that will provide decision- 
support tools to a wide variety o f users. It was launched in response to calls for 
action by the 2002 World Summit on Sustainable Development [5].
The first two services make use o f space observations from a few instruments to 
provide their products and will be discussed in more detail in Chapter 3. The last of  
these, NOVAC is mostly based in ground measurements in support for validation o f  
space-based observations. It encompasses observatories o f 15 volcanoes from five 
continents, including some o f the most active and strongest outgassing volcanoes in 
the world. Therefore, it is o f great significance that for monitoring volcanic emissions, 
miniaturised instrumentation can be considered to complement and benefit from 
conventionally used instruments and retrieval algorithms. This can be done if  
carefully if  the instrumentation is accurately designed and conceived.
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1.1.1 Volcano Monitoring
On average, there are 50 volcanic eruptions per year [6 ]. Most o f them occur from 
volcanoes currently unmonitored and just a few are currently monitored by ground or 
aircraft based systems; this is clearly insufficient. Volcanic emissions from these 
events represent a hazard for: aviation, agriculture, human health, and also play an 
important role in atmospheric interactions for climate change. Therefore, there is a 
great interest from aviation industry, disaster managers, atmospheric scientists and 
from volcanologists to obtain as much, as detailed and as timely information as 
possible from these events. Unfortunately, these requirements are currently not 
fulfilled by any single space mission. Consequently, combining the information from 
multiple instruments will inevitably provide more and better information for volcanic 
and atmospheric studies. This could only be cost effective if  constellation o f  
microsatellites were used.
Monitoring volcanoes by observation o f their plumes is important not only to the 
study o f atmospheric reactions and emergency planning but also for the mitigation o f  
volcanic hazards [7]. For example, by providing timely information on the 
occurrence, tracking and location o f plumes so that aircraft can be warned and/or 
rerouted [8 ]. While it is the volcanic particulates or ash that is most hazardous, 
observation o f the SO2 can be used to differentiate the plume from normal clouds [9].
Measurements o f non-eruptive SO2 outgassing, can dramatically improve our 
understanding o f volcano dynamics and eruption forecasting. [1]. Furthermore, some 
key volcanological questions concerning the nature o f the eruption may be largely 
solved if  more data were available. Some o f these issues are: excess sulphur from 
volcanic outgassing; the separation o f ash-rich and gas-rich portions o f the clouds and 
the removal rates o f SO2 in the atmosphere [1 0 ].
1.2 Aim
The main aim of this research is to evaluate the utility and potential o f small satellite 
technologies for atmospheric and volcanic monitoring purposes. As a result, the 
design o f a new instrument concept suitable for a microsatellite platform to provide
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additional global observations in the ultraviolet region is undertaken. These 
observations and derived products should meet the minimum requirements to fulfil to 
a better extent, the current needs for aviation purposes. Also, to aid volcanologists 
interested in understanding and tracking volcanic clouds; studying separation o f gases 
and ashes; generation o f aerosol sulphates and conversion to sulphuric acid. 
Moreover, the capabilities o f the instrumentation and methods must help addressing 
science questions on the recovery o f the ozone layer and its depletion at the poles; 
climate change impact due to absorbing aerosols and other UV radiation studies.
A number o f requirements need to be defined and reached. Amongst the most 
important o f these are: the temporal resolution to properly study the challenging 
nature o f volcanic emissions. Furthermore, the spectral and spatial resolution must be 
sufficient to have enough sensitivity to observe both large and minor volcanic events. 
All these are in addition to other standard atmospheric observations o f total column 
content o f ozone and absorbing aerosols, preferably in the lower atmosphere. 
Adequate monitoring of these events will provide valuable information; therefore 
contributing to the understanding o f the atmosphere’s dynamics and volcanic cloud 
processes.
1.2.1 Research Objectives
More specifically, this research is focused on:
• Designing a miniature UV instrument with capabilities for detecting SO2 for 
monitoring and tracking volcanic clouds with higher sensitivity than the Total 
Ozone Mapping Spectrometer (TOMS).
• Investigating novel technologies for UV sensors and designing a suitable 
system to fulfil to the requirements for this task.
• Identifying a simple but robust methodology for qualitative retrievals o f S O 2  
discriminating it from O 3 ; and potentially detecting volcanic ash and aerosols 
consistently using proven algorithms.
1.3 Scope of Research
The atmospheric remote sensing principles, instrumentation utilised and retrieval 
algorithms used to derive the atmospheric conditions are discussed in this thesis 
having in mind the suitability o f small satellite technologies. The legacy o f the Ozone 
Layer Monitoring Experiment (OLME) [11], the only successful microsatellite
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experiment known to observe UV radiation is thoroughly analysed here. The 
contributions in the improvement o f previous algorithms for determination o f Ozone 
column content are also included in this thesis.
For the purpose o f atmospheric monitoring on this research, the 280-380 nm UV 
wavelength range is the particular region o f interest. This particular range is 
commonly used for studying various atmospheric constituents such as: ozone ( O 3) ,  
sulphur dioxide (SO2) and aerosols amongst others. Ozone is an important constituent 
for surface radiation, air pollution, ozone layer and climate change studies. The other 
two constituents can provide information on volcanic activity if  SO2 is released as a 
result o f emission or eruption or if  ashes are detected as aerosols injected in a volcanic 
plume.
The UV region has been considered for this research because, thermal infrared 
instruments despite their higher spatial resolution, face ambiguities when 
discriminating SO2 from water vapour which is the most common constituent in a 
volcanic cloud. Algorithms for processing thermal bands (7.3 and 8.5 pm) work very 
well for high, dry clouds but work poorly for lower clouds in the tropics where there 
are many volcanoes [1 2 ].
Both ground-based and space-based observations in the UV have provided valuable 
information on atmospheric constituents by observing the transmitted and 
backscattered solar radiation. Ground-based observations are rather localised but they 
can provide data every few minutes, sometimes only in the short timescale o f  a 
campaign. Space-based monitoring is normally covered as a succession o f missions 
and they can provide information on a longer term on global scale. However, this task 
has been the almost exclusive province o f large and complex spacecraft platforms 
with their corresponding economical implications.
The approach taken here is the development o f reliable and effective low-cost 
instrumentation for affordable micro-satellite missions. The nature o f these platforms 
in terms o f autonomy and restricted mass and power imply requirements which 
sometimes are not far from other found in ground-based or balloon-based 
instrumentation. Such technology would enable (for the first time) a cost-effective
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global atmospheric monitoring system capable o f providing near real-time 
observations.
1.3.1 Methodology
Various scientific areas and methods are discussed in this thesis ranging from physical 
principles o f remote sensing to computer modelling o f the atmosphere, optical design 
and electronics. The areas identified below summarise the most important topics 
included here:
1. Remote Sensing of the Atmosphere. A review o f UV radiation, 
understanding o f atmospheric layers and processes including absorption, 
scattering and clouds. Computer methods used for simulations o f atmospheric 
conditions are discussed here together with the principles for retrieval methods 
to obtain final products o f ozone, sulphur dioxide and aerosols. A successful 
example o f microsatellite instrumentation for ozone measurement is detailed 
as part o f this research work.
2. Remote Sensing of Volcanic Clouds. This area covers studies done on 
volcanic cloud properties, constituents, concentrations, height, dynamics, 
aviation hazards, etc. The requirements for this particular application are also 
discussed together with some existing services dedicated for volcanic 
monitoring purposes.
3. Instrumentation, including the micro-satellite platform itself and its 
instrumentation: optical systems, sensors and electronic systems required for 
detection o f radiation discussed in other sections. The particular design trade­
offs and requirements are assessed and the potential performances are 
analysed.
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1.4 Thesis Structure
The outline o f this document is as follows:
■ Chapter 2 includes the background theory necessary for the study o f the 
atmosphere using ultraviolet radiation. The atmospheric processes and 
constituents are defined within the context o f space based observation. 
Radiative transfer principles and common retrieval methods are also studied 
on this chapter
■ Chapter 3 provides important information on the remote volcanic clouds and 
the importance for investigating this phenomenon. It includes the related work, 
dedicated programs for this purpose and the challenges faced when monitoring 
volcanic emissions.
■ Chapter 4 presents an investigation on small satellites for atmospheric 
monitoring and details the retrieval methods developed during this research.
■ Chapter 5 presents an analysis o f the application requirements for monitoring 
volcanic clouds and the space-based instruments which have been considered 
useful for this task. The baseline of the instrument specifications is derived 
and the details o f the instrument design process are given.
■ Chapter 6  analyses the instrument performance including: optics, sensors and 
electronics. The instrument model is applied in specific scenarios in order to 
determine the potential performance o f the instrument concept.
■ Chapter 7 discusses the findings o f the investigation and answers the initially 
posed questions on the potential o f micro-satellite instrumentation. It also 
identifies areas and concepts for further investigation to continue this line o f  
research
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2. Ultraviolet Radiation and the Atmosphere
This chapter provides the basis for space-based remote sensing o f the atmosphere in 
the ultraviolet (UV) region including: the sun as the radiation source; the atmospheric 
layers encountered in the path to the earth; the reflectivity o f the ground and clouds in 
the scene and the natural processes and some absorbing constituents affecting 
radiation in this wavelength range.
2.1 Ultraviolet Radiation
The ultraviolet (UV) region o f the solar radiation comprises wavelengths ranging 
from 10 nm to 400 nm. In this wide range o f wavelengths there are two subdivisions 
which cover the region o f interest for this thesis: One is the Middle Ultraviolet 
(MUV) covering the region from 200 nm to 300 nm where most solar radiation is 
absorbed by ozone; the other is the Near Ultraviolet (NUV) region extending from 
300 nm where the solar radiation starts reaching the Earth’s surface and up to 400 nm, 
the short wavelength limit o f human vision. These ranges, in biological or medical 
sciences are commonly described as UV-A ranging from 320 nm to 400 nm and UV- 
B from about 280 nm to 320 nm; this divisions are based on the detrimental effects on 
biological materials [13].
Ultraviolet radiation is important for the remote sensing o f atmospheric chemical 
constituents and aerosols; it represents a small portion (5%) o f the total atmospheric 
energy budget [14]. The range between 280-380 nm is the particular region o f interest 
for this thesis; this wavelength band will be generically named UV and no other range 
or distinction will be made unless explicitly stated. Within this range, UV data can be 
used to determine the total content o f ozone [15, 16], some algorithms even allow 
determination o f ozone profile [16, 17]; global distribution o f aerosols [18]; to 
measure the mass o f SO2 [1, 19, 20]; to map volcanic ash clouds [8 ] , retrieve ash 
amounts [2 1 , 2 2 ] and can also be used in conjunction with wind trajectory for 
forecasting the movement o f volcanic clouds.
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2.1.1 Solar Irradiance and Backscattered Radiance
Solar activity provides a source o f UV radiation reaching the Earth’s atmosphere; it is 
relatively constant in the range considered here [13]. Measurements o f incoming solar 
irradiance have been routinely made from satellite platforms since the m id-1970. One 
o f the standard spectral databases o f the solar irradiance is the high resolution spectra 
by Kurucz [23]. We can consider this spectrum to illustrate the passive remote sensing 
principles using this solar radiation database as a source.
In order to describe the interaction o f the solar flux on the atmosphere it is necessary 
to define the sun-Earth-satellite geometry. This is given mainly by the orbital 
parameters o f the satellite, day o f year, time o f day; these are known or can easily be 
determined straightforward. Once the geometry is defined, the interactions o f the solar 
flux with the various properties, layers and constituents o f the atmosphere can be 
analysed. The basic geometry o f this passive m ethod o f remote sensing is shown in 
Figure 2-1. The various elements shown in the figure above will be discussed in 
detailed in this section.
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Figure 2-1 Geometry for Remote Sensing using Solar Backscattered Radiation
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As a result o f  the solar radiation interacting with the atmosphere and partially 
reflected by the Earth’s surface; it is expected that the fraction o f the radiation 
reaching the space-based instrument will be much less than the initially radiated. The 
Earth’s surface reflectance or albedo is relatively low (<10%) in the UV if  we 
consider a cloud-free and snow-free scenario [14, 24, 25]. Furthermore, there is 
wavelength dependence to the amount o f radiation backscattered from the earth due to 
the spectral behaviour o f  the atmospheric constituents found in the trajectory o f  the 
radiation. It is this spectral dependence that can be used to provide information on the 
constituents and their concentrations along the path. This is the basis for remote 
sensing o f the atmosphere using UV backscattered radiation.
In Figure 2-2, the solar spectral irradiance is shown and compared with the simulated 
backscattered radiance o f  received at the Top o f  Atmosphere (TOA -1 0 0  km), both 
calculated using M ODTRAN as radiative transfer code [22]. TOA radiance is 
appropriate to consider equivalent to the radiance received by a space-based sensor 
even if  its orbit is m uch higher. The scenario considered here is a Tropical Standard 
atmosphere with 30% albedo, for Nadir viewing, 30 degrees Solar Zenith Angle 
(SZA) and varying concentrations o f typical ozone variations shown in colour to 
illustrate the reduction in radiance below -3 2 0  nm due to an increase o f  ozone.
Solar Spectral Irradiance
L 1.0000
Earth Backscattered Spectral Radiance
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1—1 ,S
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Figure 2-2 Solar Irradiance and Earth Backscattered Radiance in UV (300-360 nm) [22].
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In order to analyse the effect the geometry has on the radiance, we can analyse the 
effect o f solar zenith angle from 25°-60° for the tropical atmosphere in the same 
region where ozone absorbs (Figure 2-3). As expected, larger angles imply longer 
optical paths reducing radiance.
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Figure 2-3 Solar Zenith Angle dependence in Tropical Atmosphere [22]
W avelength dependence can also be observed because o f  the associated Rayleigh 
scattering affecting shorter wavelengths and letting the radiance increase for longer 
ones which are less affected.
2.1.2 Reflectivity in the UV
The UV reflectance o f the atmosphere is determined by scattering o f  air molecules 
and aerosols, surface and cloud reflections, and absorption by ozone and sulphur 
dioxide. All are broadband processes and any solution for volcanic cloud conditions 
m ust take account o f them simultaneously [1].
The reflectivity o f the Earth’s surface in the UV is usually quite small and it allows 
the detection o f clouds over deserts and coastal areas where visible and infrared 
techniques may have problems. Typical reflectivity varies from 2-9% for most types
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of land and water surfaces [24, 26]. Even over deserts, where the visible reflectivity 
can be quite high, the UV reflectivity remains below 10%. It exceeds 10% only in 
presence o f sea-glint, snow, ice or in a salt field in Bolivia where reaches -60% [24].
The term albedo is often used in the literature when referring to reflectivity; it refers 
to the average reflectivity or Lambert equivalent reflectivity (LER); where LER refers 
to a theoretical Lambertian surface that reflects energy in all directions independent o f  
the angle o f the incoming radiation. In other words, albedo is the ratio between the 
energy leaving the earth’s surface reflected from the ground; and the incoming energy 
from the sun over the whole wavelength range o f solar radiation. In this case it refers 
to the radiation in the UV bands.
The reflectivity o f clouds in the UV at 370 nm is qualitatively similar to reflectivity in 
visible bands. It remains practically constant from 200 to 700 nm for a middle-layer 
water droplet cloud o f 500m thickness. Reflectivity also shows a significant increase 
with increasing cloud-top height. A typical cloud albedo o f 50-60% is measured at 
330-340 nm [25]. A 100 % cloud filled pixel for a cumulonimbus cloud may have a 
typical reflectivity o f 70-80 %, while a cirrus cloud under the same conditions may 
have a typical reflectivity o f 15-25%. Low clouds (below 2km) 51.5%, midlevel 
clouds (2-7km) 57%, and high clouds (>4-7 km depending on latitude) o f 76%.
2.2 Atmospheric Processes
It is very important to understand scattering and absorption processes for ultraviolet 
remote sensing o f the atmosphere. These processes occur at different heights and the 
sensor on a satellite platform receives the reflected radiation from the ground as well 
backscattered UV radiation (BUV) from the atmosphere (i.e. travelling in the opposite 
direction as initially radiated from the sun). This compound radiation has been also 
attenuated due to absorption, mainly from molecular gases (SO2 and O3 in the UV). 
Details o f all these elements are given below:
2.2.1 Troposphere
The troposphere extends from just above the earth’s surface, up to 12-15 km at the 
equator (lower towards the poles). It is characterised by a decrease in temperature
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with respect to height from a mean surface temperature o f about 288 K to a minimum 
temperature o f about 200 K (the tropopause) after which temperature starts increasing 
for higher levels, this is shown in Figure 2-4. Virtually all water vapour, clouds, and 
precipitation are confined in this layer [27].
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Figure 2-4 Standard Temperature and Pressure variations with Height used in MODTRAN [22]
The tropospheric ozone concentration in the tropics accounts for 10 % o f  the total for 
the atmosphere which is typically 277 Dobson U nits1 (DU) o f total ozone (1 DU = 10"
T 1 fs  9atm cm = 2.687 x 10 molecules/cm ). However, anthropogenic emissions o f ozone 
precursors can produce significant amounts near the surface thus making tropospheric 
ozone an indicator o f air quality. The tropospheric background column density o f  SO2 
is usually low, between 0.2 and 0.6 DU. Clouds normally occur in this layer and they 
occult the processes underneath thus making estimations difficult. Therefore, in order 
to retrieve tropospheric information, cloud-free scenes are required [28]. For nadir 
observations this presents a particular challenge because in order to separate the total 
column into its components, additional information regarding its profile is required. 
Some methods to retrieve tropospheric information are: the Tropospheric Excess 
M ethod (TEM), the Stratospheric background method, and the Vertical Column (VC) 
method [29]. Clouds can be used to give tropospheric information if  the difference 
between the total column above the cloud and the total column from a nearby cloud- 
free region is taken with the appropriate assumptions.
1 A Dobson Unit (DU) indicates how much gas there is in the air above a certain point on Earth. To
discard the effect o f the pressure, this unit compresses all the gas contained in a vertical column above 
the ground as if  it was a single layer just above it at standard pressure ( latm  =  101.325 kPa); and at 
standard temperature (273.15 K). The amount o f the gas is then indicated by the thickness o f this layer, 
expressed in 0.01 millimeter (1 DU = 0.001 atm-cm = 2 .6868xl016 molecules/cm2)
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2.2.2 Stratosphere
The stratosphere is characterised by an isothermal layer from the tropopause to about 
2 0  km above which the temperature increases to the stratopause with a temperature o f 
about 270 K (Figure 2-4). The state o f  the stratosphere is primarily determined by the 
absorption o f  ozone which has a maximum at about 30 km [27]. However there are 
large variations in concentration below 20 km in the lower stratosphere. Latitude and 
seasonal dependence o f  ozone profiles and content are normally observed (Figure 
2-5). These dependences allow climatology studies based on its variability.
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Figure 2-5 Ozone Profiles for Different Standard Atmospheres [22]
Because o f the nature o f  nadir observations in the retrieval o f  ozone, it is not possible 
to obtain straightforward estimations o f its profile distribution, thus total column 
content is usually considered.
2.2.3 Scattering
Scattering is the redirection o f the radiation by molecules o f atmospheric gases or by 
particles suspended in the atmosphere mainly at the same incoming radiation 
wavelength. In the atmosphere, the particles responsible for scattering range in size 
from gas molecules ( - 1 0 '4 pm) to aerosols (~ 1  pm), water droplets ( - 1 0  pm), ice 
crystals (-100  pm), and large raindrops and hail particles (-1 cm) [27]. The amount o f 
scattering depends on the size o f the molecules or particles, their abundance, the
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wavelength o f the radiation, and the depth o f the atmosphere through which the 
radiation is travelling. Different types o f scattering exist and are mentioned below:
Rayleigh Scattering
This type o f scattering occurs when molecules o f atmospheric gases or particles have 
diameters that are very small relative to the wavelength o f the radiation. It is 
wavelength (A,) dependent by a factor o f (1/A,4), which means that shorter wavelengths 
will be scattered more as is the case for the UV. Therefore, Rayleigh scattering is the 
dominant process above the troposphere and it is responsible for the blue colour o f the 
sky. In absence o f clouds, Rayleigh scattering from the molecular atmosphere forms 
the dominant component o f radiation the 270-340 nm wavelength range. The 
Rayleigh scattering cross section is about 2 x 10' 25 cm2 at 300 nm [13]. An analytical 
expression for Rayleigh scattering is given and discussed in [30].
Mie Scattering
Mie scattering is caused by particles which are large in comparison with the 
wavelength o f the radiation source, and therefore interference effects are important. It 
shows an over-all increase in intensity for shorter wavelengths, although the 
dependence is not as strong as for the Rayleigh scattering. Mie scattering dominates 
strongly over Rayleigh scattering in the lower atmosphere, and thus determines the 
visibility range, from where Mie-scattering cross sections can be determined. [31]. 
This sets the basis for the detection o f aerosols in the UV as described by [32].
Aerosol Scattering
Aerosols are small particles present in the atmosphere with widely varying size, 
concentration and chemical composition. Some aerosols are emitted directly into the 
atmosphere while others are formed from emitted compounds. Aerosols contain both 
naturally occurring compounds and those emitted as a result o f human activities. 
Fossil fuel and biomass burning have increased aerosols containing sulphur 
compounds, organic compounds and black carbon. Human activities such as surface 
mining and industrial processes have increased dust in the atmosphere. Natural 
aerosols include mineral dust released from the surface, sea salt aerosols, biogenic
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emissions from the land and oceans and sulphate and dust aerosols produced by 
volcanic eruptions [30].
Though the effect o f aerosol scattering on BUV radiation is usually small compared to 
the effect o f clouds (with the exception o f stratospheric aerosols produced after some 
volcanic eruptions), this effect can be surprisingly complex depending both on their 
macro physical properties: vertical distribution, and optical depth; as well as their 
microphysical properties: size distribution and refractive index [32].
Cloud Scattering
Clouds produce two important effects. Firstly, they alter the spectral dependence o f 
the BUV radiation by adding radiation scattered by cloud particles to the Rayleigh- 
scattered radiation. The second effect o f clouds is that they alter the absorption o f 
BUV radiation by ozone (as well as UV-absorbing aerosols, tropospheric NO2 , and 
SO2 , when they are present). Absorption below the cloud layer is reduced while the 
absorption inside and above cloud is enhanced.
2.2.4 Absorption
The incoming radiation from the sun interacting with a gas molecule can alter the 
electronic state o f the molecule, make it vibrate, rotate; or usually a combination o f 
them all, thus resulting in combined absorption o f energy. The absorption processes in 
the visible and UV regions o f the spectrum mainly involve electronic transitions that 
are discrete changes in the energy levels of the electrons. This electronic process 
alone would result in discrete absorption bands. However, since vibrational transitions 
usually follow the electronic transitions, and rotational transitions as a result o f the 
vibration, then the absorption observed in the spectra do not occur in a single line but 
in a broadened line and in bands [31].
The absorption depends on both the wavelength o f the incident photon and the type o f  
interacting molecule. The primary quantity used to describe a molecule's tendency to 
absorb light is its absorption cross-section (ACS or a), which has units o f area [cm2]. 
Absorption cross-sections are measured in the laboratory where atmospheric 
conditions are simulated and are generally functions o f temperature and pressure. The
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depth to which direct solar radiation can penetrate the atmosphere depends on its 
wavelength. Radiation below 300 nm is absorbed mainly in the mesosphere (50-80 
km) and partly in the stratosphere (10-50 km) by oxygen (O2) and ozone (O3). 
Radiation above 300 nm starts gradually penetrating into the troposphere (0-10 km) 
reaching the surface.
Ozone (0 3)
Ozone is a greenhouse gas that is continually produced and destroyed in the 
atmosphere by chemical reactions. Because o f the abundance o f this gas in the 
atmosphere and its large absorption in the UV, Ozone shields the earth’s surface from 
radiation in this range. The absorption begins weakly at about 360 nm and reaches a 
maximum in the 250 nm region.
The absorption cross-sections for ozone are temperature and pressure dependent and 
their variations have to be taken into account on the concentration profiles for more 
accurate modelling. This is shown in figure below for various temperatures 
representative o f different layers for air and vacuum [33].
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Figure 2-6 Ozone absorption cross section for different temperatures [33]
In the troposphere, human activities have increased ozone through the release o f  gases 
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latitudes) and nitrogen oxide, which chemically react to produce ozone. In the 
stratosphere, halocarbons released by human activities destroy ozone and have caused 
the ozone hole over Antarctica [34].
Sulphur Dioxide (S02)
Sulphur dioxide produces strong absorption in the 270-340 nm region; ozone also has 
absorption bands in the same UV region. For ozone these bands are named: Hartley 
band (240-300 nm) and Huggins band (310-340 nm). These two gases absorption 
cross sections (ACS) are shown below in Figure 2-7.
Absorption Cross Sections (ACS) and Ratio SC yo3
SO-18
,-20CM
CVJ
o,-22
-24
CO
300 310  320 330
300 320 340 360280
Wavelength [nm]
Figure 2-7 Absorption cross sections of S 0 2 at 243K [35] and 0 3 at 241K [36]
The previous figure shows the ratio o f the ACS o f  S 0 2 and O3 for the purpose o f 
identifying useful bands for discriminating between these two molecules. From the 
ratio shown in the inset, it can be seen that at some wavelengths (around 310 nm) the 
SO2 molecule can have 4 times stronger absorption than a molecule o f  O 3. 
Furthermore, all wavelengths between -3 0 6  nm and 322 nm show stronger SO2 
absorption. Thus, this band is the most suitable for our purpose o f  detecting and 
discriminating sulphur dioxide from ozone just based on the ACS ratio without taking 
into account other factors such as the absolute radiance levels; spectral and spatial 
resolution amongst others.
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2.3 Radiative Transfer
The intensity o f the solar radiation traversing the atmosphere will be weakened by its 
interaction with matter; if  the intensity o f  radiation h  becomes I\ + dh  after 
transversing a thickness ds in the direction o f its propagation (Figure 2-8), then
dIA = -kA P IX ds (2 - 1 )
where, p is the density o f the material, and k\ denotes the mass extinction cross 
section (sum o f mass absorption cross sections and scattering cross sections) for 
radiation o f wavelength X. Thus, the reduction in intensity is due to absorption by the 
material as well as to scattering by the material [27].
h  + d lx
h(0)
* *1 ds ——► S
h f i i)
Figure 2-8 Radiative Transfer Principle
On the other hand, the radiation’s intensity may be strengthened by emission from the 
material plus multiple scattering from all other directions. We define the source 
function coefficient jx such that the increase in intensity due to emission and multiple 
scattering is given by
dh = h p d s
X *  (2 -2)
The source function coefficient j*., has the same physical meaning as the mass 
extinction cross section. Combining 2-1 and 2-2 we obtain an expression that includes 
both decreases and increases o f radiation intensity respectively
dlx = - kx p 1x ds + jx p ds
It is convenient to define a source function / k\, which we could now consider
in (2-3) to obtain 
dh
k^pds
= —h + h
(2-4)
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This is the general radiative transfer equation without any coordinate system imposed, 
which is fundamental to the discussion o f any radiative transfer process [27].
2.3.1 Beer-Bouguer-Lambert Law
If we consider the UV radiation from the sun neglecting scattering, then the emergent 
intensity at after transversing the path length ds between points at initial position 0  
and final si is given by [27]:
kx p ds
^ l )  = W » e  ' (2. 5)
Assuming that the medium is homogeneous so that mass extinction cross section (kx) 
is independent o f the distance (s), we can define the path length (u).
, S l
u = p ds
0 (2-6)
Another common expression is possible defining Optical Thickness (x) representing 
the attenuation o f the radiant intensity by the ‘thickness’ of the medium.
c(°,s i) =
.1
kx p ds
(2-7)
Then, equation (2-5) can be expressed as:
-k r U , x -  t(0, Si J
.. . *x s i =w«>«Alternatively, as (2-8)
This is known as Beer-Bouguer-Lambert’s law, which states that the decrease in the 
radiant intensity traversing a homogeneous extinction medium is in accord with the 
exponential function whose argument is the product o f the mass extinction cross 
section and the path length.
Since this law involves no directional dependence, it is applicable not only to the 
intensity quantity but also to the flux density and the flux.
From eq 2-5 we can define the monochromatic transmisivity T\ as follows:
_ ^(sl) - kxu=  = e
W  (2-9)
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For a non-scattering medium, the monochromatic absorptivity, representing the 
fractional part that o f the incident radiation that is absorbed by the medium, is given 
by
A* = 1 -  Tt = 1 -  e
K (2-10)
Furthermore, as in the case o f the Earth’s atmosphere the total mass extinction cross
section at a given wavelength X, is the sum o f a number (n) o f individual species (i)
with cross sections (cO which in turn can have different effective path lengths (uj).
kVu= X  Ci'Ui
i = 0 (2-11) 
Finally, if  there is a scattering contribution from the medium, certain portions of the 
incident radiation may reflect back to the incident direction. In this case, we may 
define the monochromatic reflectivity R, which is the ratio o f the reflected (and partly 
backscattered intensity) to the incident intensity. On the basis o f the conservation of  
energy, we must have
Tt + At + Rt = 1
(2-12)
For the transfer or radiation through a scattering and absorbing medium [27].
In a typical space-based remote sensing application we observe the radiation fr after 
passing through the path and its constituents and then compare it against the original 
solar radiation Ioa, either measured or modelled (Figure 2-9). Moreover, it is the 
vertical column content o f a given species the magnitude o f interest. Thus, in order to 
estimate this fraction from the total atmospheric path the use o f Air Mass Factor 
(AMF) is often used. This amount represents the effective path length for a given 
species and is calculated either as a geometrical approximation or explicitly assumes 
particular concentration profiles or external information o f them.
Figure 2-9 shows a representative diagram o f the radiative transfer process used in 
space-based remote sensing o f the atmosphere. All elements and constituents 
described above have been included; those that act as a source function increasing the 
radiance detected by the sensor and others that decrease it. For simplicity all have 
been indicated using a representative cross section (a).
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Figure 2-9 Radiative Transfer in the Atmosphere
2.3.2 Forward Model
Radiative transfer calculations are often referred to as a forward model; this means 
that given the known or specified atmospheric conditions a radiance value is 
calculated for the energy reaching the sensor. Thus, knowing the spectral behaviour o f 
the solar irradiance [23], geometry, albedo, and the atmospheric absorption o f its 
constituents [33, 35, 37]; it is therefore possible to simulate the at sensor radiance 
often referred to as backscattered radiance Ix. from the original Io*. (Figure 2-10).
Io N o Ozone (TropAtm_SA25Q_AlbO 3_wozonq p sc ) |
0 0 Jo 310 320 330 340 350
W avelength (nmj
to7*
I Oz one  (Ti opAtm_SA25 0_Alb0 3 pac)
- Io No O zone fTropAtm^SASSO^AIbO 3_w ozone p sc )
300 310 320 330 340 350 360
Wavelength [nmj 0 ° io o  310 320 330 340 350 360W avelength [nmj
Figure 2-10 The Forward Model [23].
In the figure above, the Ozone absorption cross section is considered to simulate the 
effect on the at sensor radiance o f a Tropical Atmosphere. The order from left to right 
follows the radiative transfer description o f  Figure 2-9 with the source Iox on the left, 
the atmospheric elements in the middle (only Ozone considered in this case) and the
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observed radiation on the right L; in this case both initial and final radiances are 
shown on the right for comparison for a simplistic Beer-Bouguer-Lambert condition. 
A copious number o f different scenarios to be observed from the space are possible. 
Variations of: solar zenith angle, observing angle, albedo, aerosols, latitude, season 
are additional and independent o f the total content o f ozone present in the atmosphere 
and its profile. All this information needs to be properly accounted for in a forward 
model. In this research, the at-sensor spectral radiance is calculated using 
MODTRAN, a standard code to model atmospheric propagation o f electromagnetic 
radiation described in the next section.
MODTRAN
The MODerate resolution atmospheric TRANsmission Code (MODTRAN 4 Version 
3 Revision 1, herein referred to as MODTRAN), was developed by the U.S. Air Force 
Laboratory [23]. This is a widely-used standard code for ground or space borne 
applications. It is based on multiple input cards that define the particular conditions o f  
observation, includes standard databases for solar irradiance, molecular absorption, 
clouds and surface characteristics. Additional cards can be used for user-defined 
models and functions according to the particular requirements. This flexibility makes 
it attractive and a significant part o f this research was dedicated into this code which 
can be cumbersome and difficult to understand and handle. A table containing the 
most important standard and additional parameters is given in Table 2-1 below.
Table 2-1 MODTRAN cards and parameters
Card Name Standard Parameters Additional Parameters
1
Main
Transport
Driver
Geographical and Seasonal Model atmospheres, line 
of sight geometry, Multiple scattering, Water vapour, 
Profiles of standard gases, Boundary Temperature, 
Solar Irradiance
Spectral data and sensor 
response
2
Main
Aerosol
and
Cloud
options
Geographic and seasonal extinction, volcanic 
aerosols, Ocean-Continent model, Rain and clouds, 
visibility, wind speed, ground altitude
Flexible aerosol and cloud 
models, User-defined 
profiles for gases
3
Line of 
sight 
Geometry
Zenith angle, path length, solar/lunar scattering 
geometry
User-defined scattering 
phase functions
4
Spectral
Range
and
resolution
Wavelength range, Spectral resolution FWHM, Slit 
function
Ground surface 
characterisation, 
temperature, BRDF, 
spectral albedo
5
Repeat
run
option
Stop or Read new set of cards -
Juan Fernandez
- 2 3 -
Surrey Space Centre
2. Ultraviolet Radiation and the Atmosphere
The inputs cards and details o f the inputs used are included in Appendix B for future 
research that requires the use o f this code. All calculations included in this thesis were 
made for radiance at top o f atmosphere (TOA) including multiple scattering; mostly 
for a tropical atmosphere but other profdes were studied also with corresponding 
variations in temperature, pressure, humidity, and atmospheric constituents. The 
vertical distribution used contained 36 layers modelled according to standard and 
user-defined profiles between the surface and the sensor. The output is in 0.1 nm 
resolution, convolved with a 0.5 nm Full W idth H alf Maximum (FW HM) triangular 
slit function, simulating the proposed instrument resolution discussed in Chapter 5. 
The calculated radiance ranges from these conditions are in agreement with TOMS 
[38] and OMI Simulated Radiances [39].
As discussed in the previous section and shown in Figure 2-5, Ozone concentrations 
are in general, seasonal- and latitude-dependent. The total ozone column changes by 
about 158 DU on six o f the considered profiles which include a Tropical atmosphere, 
a US-Standard atmosphere, and two season dependent profiles for each M id-Latitude, 
Sub-Arctic case. The effects on the backscattered radiance under the same 
geometrical conditions with these different profiles can easily be observed next 
(Figure 2-11).
12 
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6  
4 
2
300 305 310 315 320 325 330
Wavelength [nm]
Figure 2-11 Spectral Radiance for various Ozone profiles [22]
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2.3.3 Inverse Model
The inverse model is the real remote sensing process where the atmospheric 
conditions are inferred from the signal received by the sensor. The inversion 
procedures are often undetermined and several assumptions have to be made, special 
considerations have to be made in case o f  cloud covering the scene; quite often a set 
o f pre-computed tables are used to compare against and then determine which are the 
conditions that closely yield the actual measurement made.
Because o f  the radiative transfer principles discussed in previous section, most inverse 
models used for retrieval purposes require observations o f the solar irradiance as a 
reference. The earthshine spectrum from a part o f the atmosphere free o f the trace 
gases under study can also be used as reference in some cases. Knowing the absolute 
solar irradiance and reflectance for the given conditions, then the observed radiation 
intensity is divided by this irradiance to calculate the transmittance. From the 
logarithmic ratio o f transmittance, then the optical thickness (x) is obtained given in 
eq 2-9. This provides an expression that linearly relates the density (p), the mass 
extinction cross (kx) and the integrated path length from ds.
In a simplified example, and assuming only one dominant absorber uniformly 
distributed in the region considered; then the density o f this absorber (p) can be 
derived than as follows: dividing the optical thickness x by the mass extinction 
coefficient kx, in this case it is the Ozone ACS. Therefore, for the example given in the 
forward model, the path density can be calculated from the transmittance and the O3 
ACS. This is shown in Figure 2-12 below. On the left, the transmittance is calculated 
by the ratio I/Io; then the logarithm is taken and then divided by the ACS in the 
middle; finally on the right, the equivalent density o f  the entire path is obtained ~ 
1 .4x l0 19 [molecules/cm2].
10
2 02
360
W avelength [nm] W avelength [nm]
3 .0 x 1 0
Slant Colum n Den&ity O-,
2 5 x 1 0
2 0 x 1 0
1.5x10
O E 1.0x 10
310 320  330 340  350  360
W avelength [nm]
Figure 2-12 Simplified inverse model example using Beer-Bouguer-Lambert law.
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It is important to mention that this rather basic example is more representative to 
ground-based methods. In the next section more details o f retrievals are given; 
however, for a rigorous approach o f inversion processes and retrievals which are out 
of the scope o f this research, Rodgers [40] provides an excellent reference.
For wavelengths <320 nm this density is relatively smooth given the fact that ozone is 
the major absorber in that region. This no longer holds in wavelengths where other 
absorbers exist and the expression for optical thickness has to include all constituents. 
Thus, the total optical depth is given by the sum of the individual thickness values 
from aerosols (A), Rayleigh molecules (R), ozone (O3) and sulphur dioxide (SO2) [27]
T = = t .A + X.R + t .° 3 + x.s o 2
1 (2-13)
It is important to note that the total path consists o f a slant section from the sun to
Earth and a vertical section from the Earth to the satellite. These are named Slant and
Vertical Column respectively. It is convenient to define the total ozone concentration
in the vertical column is defined as:
*zTOA
Q =
•'o
Po3dz
(2-14)
Where the total column (£2), is the integral o f the density o f ozone (P03) along the 
vertical path (dz) ending at the top o f atmosphere.
Air Mass Factor
The geometrical scenario can provide an approximation particularly in nadir 
observations when the cosine o f the solar zenith angle (SZA or 0) is considered to 
derive the Vertical Column Density (VCD) from the Slant Column Density (SCD). 
Then the concept o f Air Mass Factor (AMF) is defined as 
SCD 1AMF = -------* -------- (2-15)
VCD cosO
This concept is illustrated in the figure below showing three different cases as the sun 
moves from directly over the satellite from 0 o f 0° to an angle of 48.2° and then to 
60.1° corresponding to AMF of 1.0,1.5 and 2 respectively according to Eq. 2-8.
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An AMF o f 0 is considered if  the solar radiation is considered TOA before 
encountering any atmospheric air mass.
v-N'-U
V-N' I.
V - N 'i . f  " l V
SCD AM 1.5 
0 = 48.2"
AMO
ATMOSPHERE
AM 1.0
EARTH
Figure 2-13 Air Mass Factor concept based on geometry
The use o f an AMF will enable estimations o f VCD for the case described in previous 
section. For a 60° observation, AMF=2 then the VCD is ~ 7 x l0 18 [molec/cm2] or 
-2 6 0  Dobson Units (DU). This is a typical content o f  ozone encountered in the 
tropical atmosphere under consideration.
It is important to note that the solar zenith angle has to be specified in reference to the 
height corresponding to the maximum concentration o f  the absorber thus a profile or 
assumption on the distribution has to be considered for each absorber. Furthermore, 
the reflectivity o f the underlying surface (Earth, clouds or a mixed o f both) effectively 
affects the path; therefore the geometrical approach is an over-simplification o f  the 
real problem.
Cloud-free case
In the cloud-free case, the satellite is observing a particular point or footprint F on the 
Earth’s surface. The received radiation is not only effectively received from the 
reflected component because o f the surface, but also from scattered radiation higher in 
the atmosphere. Both components are part o f the slant path represented in the red 
thick lines o f Figure 2-14.
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Vertical
Colum n
Surface
F
Figure 2-14 Cloud-Free scenario
As the radiation follows the entire path (called slant path) it is then absorbed by the 
trace gases in the atmosphere before reaching the satellite. The length o f  the light path 
depends on the solar zenith angle and the viewing angle under which the satellite is 
looking at the atmosphere. The AMF can be pre-calculated in tables for a variety o f  
path length, vertical distribution o f  absorbing trace gases, and reflectivity (albedo). 
Finally, these tables can be applied to enable a straightforward estimate o f the vertical 
column shown in blue.
Partly clouded case
I f  clouds are encountered in the light path then the radiation below them is effectively 
being shielded. They will reflect and scatter the incoming sunlight and any 
observation will only contain information on the atmosphere above them. Moreover, 
the extent o f these clouds might not be covering the entire scene and a mix o f cloud 
and ground surface is often the scenario (Figure 2-15).
lA > l
Colum n
Surface
Vertical
F
Figure 2-15 Partly clouded scenario
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The partly clouded case further complicates the calculation o f AMF and as a result the 
derived VCD will be less accurate than in the cloud-free scenario. To deal with this 
common condition it is often necessary to calculate two Air Mass Factors: one down 
to the ground surface (AMFciear) and one down to the cloud top (AMFci0Ud) and the 
cloud fraction (f) o f the observed scene as a percentage o f the cloud cover.
The total AMF is given by [41]:
AMFk, = f-A M F d„d + (1 — f)AM FcUar (2-16)
Below the cloud the Ghost Vertical Column (GVC) is defined and used to estimate 
the absorber amount relying on climatologically-based profiles.
The total vertical column is then given by:
SCD + f-GVC-AM Fchud 
AMFm
The use o f AMF’s requires the estimation o f these factors from the forward model 
under a variety o f conditions in both normal and abnormal conditions. The later case 
might be due to an unexpected event such as a volcanic eruption where the profiles 
can only be inferred from external sources or just assumed. Under these unusual 
conditions the retrieval o f a VCD will be affected by the uncertainty on these profiles.
Air Mass Factor calculation
Given the orbital parameters o f a satellite, its viewing properties and known 
climatologies; then a series o f pre-calculated tables can be made using a radiative 
transfer model. These tables can be used to look-up for particular AMF’s to derive 
vertical content or to obtain a linearised model for a given parameter or weighting 
factors. Although these are wavelength-dependent in nature, sometimes for sake o f 
simplicity a single representative wavelength is used to generate the tables. 
Furthermore, because o f every absorber can have different profile from others, then 
individual AMFs has to be derived for each constituent.
In the case o f the Global Ozone Monitoring Experiment (GOME) and for the purpose 
of retrieving ozone VCD, one set o f air mass factors are calculated at 325 nm for 15 
different solar zenith angles, 9 surface heights, 4 surface albedos, 12 months, and 17 
latitude bands (Table 2-2) [41]. These values are calculated for each pixel-type/swath- 
width combination and they represent a vast multi-dimensional space.
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Table 2-2 Typical parameters for AMF tables
P a r a m e t e r V a l u e
Pixel type/swath width (km) East, Central, W est (for 960 km swath width)
Solar zenith angle 15 ,20 ,25 ,30 ,35 ,40 ,45 ,50 ,55 ,60 ,65 ,70 ,75 ,80 ,85
Surface height (km) 0 ,1 ,2 ,3 ,4 ,6 ,8 ,10 ,12
Surface albedo 0,0.2,0.8,1
Latitude -80 ,-70 ,-60 ,-50 ,-40 ,-30 ,-20 ,-10 ,0 ,10 ,20 ,30 ,40 ,50 ,60 ,70 ,80
Month Jan, Feb, Mar, Apr,May, Jun,Jul, A ug,Sep,O ct,N ov,D ec
For the purpose o f  retrieving the VCD o f SO2 o f  volcanic origin from GOM E the use 
o f AMF tables requires the inclusion o f various concentration profiles apart from the 
standard entries in the look-up table: the time o f the year, the viewing geometry, the 
SZA, the surface albedo, the cloud fraction and cloud top pressure, etc. Depending on 
the derived value o f  the SCD o f SO2 (low or high), a likely a-priori SO2 profile is 
chosen and a particular AMF is interpolated from the look-up table. The look-up table 
does not have an entry for the ozone concentration, as the SO2 AMF depends only 
weakly on the ozone concentration; an ozone concentration o f 350 DU was assumed 
for the look-up table.
Because o f the various density profiles through the atmospheric layers, the AMF for 
volcanic SO2 need to explicitly take into account the plume height. The altitude has a 
significant on the AMF and therefore the final VCD derived. A set o f AMF used for 
GOME retrievals is shown in Figure 2-1.
S 02 AMF for volcanic profiles for different plume heights
3.5
—•—  S 0 2  plume height: 2 km
S 0 2  plume height: 4 km
—« S 0 2  plume height: 6 km
S 0 2  plume height: 8 km
S 0 2  plume height: 10 km
S 0 2  plume height: 14 km
3.0
2 5
2.0
1.5
0.5
0.0
30 40 50 700 10 20 60 80 90
Solar Zenith Angle [degrees]
Figure 2-16 GOME Air-mass factors (AMF) vs. Solar Zenith Angle (SZA) for an S 0 2 plume [42].
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In figure above, a nadir viewing geometry and low to moderate SO2 concentrations ~  
10 DU were used. For the look-up table it was assumed that the thickness o f the 
plume is 1 km since this value is not very critical [42]. In practice, however, there is 
no specific information on the plume height or thickness; so for automated processing 
an assumption has to be made. It is important to note that for large SZA non-linear 
behaviour appears because o f the large path length and multiple scattering processes.
2.3.4 Retrieval Methods
Unlike the simplified model previously used to illustrate the basis underlying most 
retrieval methods (Figure 2-12); the various elements and their uncertainties affecting 
a real world scenario prove to be a challenge for accurate retrievals. In most retrieval 
methods, multiple wavelength bands are used to derive concentration o f various 
atmospheric constituents. Using multiple bands inside and outside the absorption 
bands o f a given element can be used to derive or minimise other altering factors such 
as: reflectivity, aerosols or for discrimination between species.
From a basic ratio using a pair o f wavelengths as the standard procedure developed by 
the World Meteorological Organisation (WMO) for ozone retrievals (using 305.5 and
325.4 nm; 317.6 and 339.8 nm) described in [27], to the continuous wavelength fitting 
within a given range used in instruments with high spectral resolution and sampling; 
all approaches in between have differences in terms o f capabilities and requirements: 
computational cost, geometrical scenarios, uncertainties and errors. Combinations o f  
discrete and continuous wavelengths and changing the particular spectral range for 
depending on conditions have also proved to be effective in atmospheric applications.
For the purpose o f this research, it is o f essential importance to study the 
methodologies used for retrievals o f O 3  and SO2 based on UV backscattered radiance 
in order to identify the most suitable method which would offer the best results given 
the instrumental capabilities o f a small-satellite platform. Some retrieval algorithms 
have been in used for more than 30 years such as the one used in the Total Ozone 
Mapping Spectrometer (TOMS) which has undergone several improvements after 
eight versions to the currently applied algorithm. Others have been recently 
implemented in instruments with other capabilities but are also adapted to apply 
previously proven algorithms as a reference for validation and comparison purposes.
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This later case is the one o f  the Ozone M onitoring Instrument (OMI); this instrument 
uses following general scheme for inversion [43].
Spectroscopic
measurements Forward model
Atmospheric 
Model
Ash parameters
OMI measurements 
and S/N
RT
model
Lookup tablei
procedure
A-priori 
information and 
\  uncertainties /
estimates 
o f parameters
estimates of 
retrieval errors
Figure 2-17 General Inversion Scheme used in OMI
It is clear that the same scheme could be applied to other instruments as long as its 
proper characterisation is taken into account; the external factors such as the 
uncertainties on the models and additional information will be independent and 
common to all instruments using the same theoretical basis.
In general, algorithms for O3 have been more explored and validated than those for 
SO2 retrievals because o f the nature o f  the emissions o f  the later trace gas. Ultimately, 
the detection o f SO2 was somehow fortuitous after the eruption o f El Chichon volcano 
in 1982 [20]. This event was identified as an apparent ozone anomaly; since then and 
for the duration o f this research, algorithms have been constantly improved and 
applied to previous datasets.
Particular details on the instrumentation where the algorithms have been applied will 
be given in chapter 4; in this section some o f the relevant algorithms are given:
Differential Optical Absorption Spectroscopy (DOAS)
The DOAS method was first proposed by [44]; it is used in GOME and 
SCIAMACHY data, it also has been considered on OMI. In this method, three steps 
are followed: 1) A differential reference absorption cross-section spectrum o f  the
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pertinent trace gas is fitted to the differential Earth’s reflectivity spectrum (i.e. the 
Earth radiance spectrum divided by the solar irradiance spectrum), in a certain 
wavelength window in order to derive the SCD of the trace gas. 2) This SCD is then 
divided by an air mass factor (AMF) (calculated with a radiative transfer model for a 
single representative wavelength) to obtain the vertical column density (VCD). 3) A  
cloud correction procedure is used to account for the ‘ghost’ column below the 
clouds. The fact that only differential spectra are needed in the DOAS method, leads 
to an insensitivity to absolute calibration o f the instrument [45]
The most important assumptions for this method are that [46]:
i) Beer’s law holds for the optical densities,
ii) Rayleigh and Mie scattering and albedo effects can be described by a 
broadband polynomial, and
iii) Molecular absorption o f O3 and SO2 , and Ring filling-in are the only 
relevant narrow-band effects.
The original mathematical description for this method is described below. For now it 
is important to mention that in contrast to the ideal Beer-Bouguer-Lambert Law, the 
true intensity lox which would be received from the light source in the absence o f any 
atmospheric absorption, it is usually difficult to determine. It would involve removing 
the air from the open light path. A solution for this lies in measuring the so-called 
differential absorption. This absorption can be defined as the part o f the total 
absorption o f any molecule 'rapidly' varying with wavelength. Thus, the absorption 
cross section o f a given molecule can be split into two portions [44]:
<y.i(x) — s<7 + r(j j(A,) 2^ j
Where:
sGjfx,) slowly varies with wavelength (X) describing a general 'slope' 
rcj-(^ ) shows rapid variations with (X) for instance, due to an absorption line.
The extinction due to Rayleigh ( s r )  and Mie scattering ( s M )  can be assumed to be 
slowly varying with X, thus we can finally obtain:
- L -  ^ ( r a j C ^ - C i )  - L -  ^  ( so(>l) • c j ) + £ r O )+ £  M (X) 
l W = I 0(x)-e L i -e -U fa )  -2 _ j9 .
Differential Absorption Slow Varying Absorption
Where A(X), is the slow wavelength-dependent transmission o f the optical system.
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The fit window used for the DOAS ozone product for OMI is 331.1 to 336.1 nm, 
which has been selected to minimize sensitivity to atmospheric temperature in a 
region with good instrumental signal-to-noise [47]. This fit window differs from the 
325-335 nm window that is used for GOME [41]. The retrieval o f the SO2 slant 
column is done in the wavelength range 315-326 nm where SO2 shows clear 
absorption features. In the same wavelength range, however, there is also absorption 
by O 3 . The retrieval must therefore take both into account because o f the 
"interference" o f the two absorption signals. As a result, when concentrations o f SO2 
are low, the retrieval may give negative slant column values for this gas, with an error 
of the same magnitude. This is an apparent O 3  absorption in the absence o f emissions 
o f SO2; in other words, it represents the SO2 background level. The negative values 
are not physical, but due to the fact that it is not possible to retrieve SO2 
independently from ozone and often background corrections are needed [48].
For accurate DOAS retrievals, temperature dependent ACS are used (at 223K and 243 
K). Additional spectra are also used to account for ring effect (caused by Raman 
inelastic scattering in the Fraunhofer lines), polarisation effects and wavelength 
calibration.
TOMS Algorithm
The basic TOMS V 8  algorithm uses just two wavelengths to derive total O3: a weakly 
absorbing wavelength (331.2 nm) to estimate an effective surface reflectivity (or 
effective cloud fraction), and another wavelength (317.5 nm) with stronger O3 
absorption to estimate ozone. Other 4 TOMS wavelengths are used for diagnostics 
and error correction. Previous versions worked from the direct inversion o f a set o f  
linear equations between the measurements and absorption and scattering optical 
thickness at four wavelength bands.
All versions make the following assumptions: 1) That the effective reflectivity or the 
cloud fraction has no significant variation between 331.2 and 317.5 nm [49]. 2) The 
Backscattered Ultraviolet (BUV) radiances at wavelengths greater than 310 nm are 
primarily a function o f total ozone amount, with only a weak dependence on ozone 
profile that can be accounted for using a set o f climatological profiles. 3) A relatively
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simple radiative transfer model that treats clouds, aerosols, and surfaces as 
Lambertian reflectors can account for most o f the spectral dependence o f BUV 
radiation, though corrections are required to handle special situations
Experience with TOMS suggests that the algorithm is capable o f producing total 
ozone with Root Mean Square (RMS) error o f about 2%, though these errors are not 
necessarily randomly distributed over the globe. The errors typically increase with 
solar zenith angle and in presence o f heavy aerosol loading [49]. The recent algorithm 
versions have incorporated procedures for identifying these special situations, and 
apply a semi-empirical correction, based on accurate radiative transfer models, to 
minimize the errors that occur in these situations.
As is typically the case with inverse remote sensing algorithms, the solution requires a 
priori constraints. This constraint is set by a 3-dimensional dataset o f ozone profiles 
to compute total 03, consisting o f profiles that vary with total O3, latitude and month. 
The first dataset consists o f 21 ozone profiles (called standard profiles) that vary with 
total ozone and latitude. The layer ozone values are binned two-dimensionally, in 50 
DU total ozone bins, and 30° latitude bins, with data from both hemispheres 
combined, to get 3 profiles for low latitudes (30°S-30°N) containing 225-325 DU, 8 
for mid latitude (30°-60°) containing 225-575 DU, and 10 for high latitude (60°-90°) 
containing 125-575 DU. This results in 1512 profiles, 12n profiles in each o f the 18 
latitude bins, where n is 3 in low latitudes (30°S-30°N), 8 in mid latitude (30°-60°), 
and 10 in high latitudes (60°-90°), containing the same total O3 as in the first dataset. 
These profiles are slightly different in the two hemispheres, primarily due to 
hemispherical asymmetry in the tropospheric O3.
TOMS Volcanic ash algorithm
Ash and other absorbing aerosols can also be detected by contrast with Rayleigh 
scattering at UV wavelengths. Using a two-channel reflectivity difference (340-380 
nm) it is possible to distinguish absorbing particles, such as volcanic ash, desert dust, 
and smoke; from non-absorbing particles, such as sulphate aerosol and meteorological 
clouds. This can be performed as indicated by Seftor, (1997), using a quantity known 
as the Aerosol Index (AI), computed as follows:
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^ /  = - 1 0 0 1 og10 ( I  'I340T + 1 0 0 1 og10
( I  'I340 (2 -2 0 )
\  380 Jmeas o00m calc
Where, (l34o/l38o)meas is the measured spectral contrast between the 340 and 380 nm 
radiances and (l34o/l38o)caic is the spectral contrast between the 340 and 380 nm 
radiances calculated using a Rayleigh scattering atmosphere and reflectivity 
determined from the 380 nm channel.
Since the effective reflectivity is determined by requiring (l38o)meas=(l38o)caic,
AI = -100 log
r  ( I  )  ^
V 340 /  meas
V (^340 ) calc J
(2-21)
Thus, AI is simply the difference in the logarithms of backscattered radiance at two 
near-UV wavelengths compared with what would be expected for a pure Rayleigh 
atmosphere over Lambertian Surface (i.e. calculated radiances) [21]. The AI is near 
zero for clear areas and water clouds and increases with aerosol absorption optical 
depth and cloud altitude [32]. Smoke and dust aerosols produce AI values up to 10; 
ash values can be higher. Volcanic ash can be detected above land, water, or 
tropospheric clouds. Sulphate aerosols produce a small signal o f the opposite sign 
from absorbing aerosols [1]. The AI defined in equation (7) can be converted to mass 
o f ash using a radiative transfer model where ash clouds are explicitly included 
together with additional information about plume altitude, ash particle refractive 
index, m(X), and size distribution.
OMT03
The OMT03 data product contains total ozone, aerosol index and ancillary 
information produced from the TOMS Version 8 (V8) algorithm applied to OMI 
global mode measurements. From the continuous wavelength availability given by 
OMI, this basic algorithm uses just 2 wavelengths (317.5 and 331.2 nm under most 
conditions, and 331.2 and 360 nm for high ozone and high solar zenith angle 
conditions). The longer o f the two wavelengths is used to derive the surface 
reflectivity (or cloud fraction). Once the surface reflectivity has been established the 
shorter wavelength, which is heavily absorbed by ozone, may be used to derive total 
ozone.
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The algorithm also calculates the Aerosol Index (AI) from the difference in surface 
reflectivity derived from the 331.2 and 360 nm measurements. The AI primarily 
provides a measure o f absorption o f UV radiation by smoke and desert dust. However, 
surface effects such as sea-glint and ocean colour, can also enhance the AI, and some 
types o f (non-absorbing) aerosols can produce negative values. The AI is used to 
correct the total ozone derived by the basic algorithm. The AI is also very useful for 
tracking global transport o f smoke and dust, for it is not as affected by clouds as are 
most other aerosol algorithms, and has the unique feature that it can track these 
aerosols above clouds, as well as over snow/ice covered surfaces.
Other than the three primary wavelengths mentioned above, the 0M T 03 algorithm 
uses additional wavelengths for quality control and error correction in more restricted 
geophysical situations. These include correction for ozone profile shape errors at large 
solar zenith angles using 312.5 nm measurements, and the detection o f sulphur- 
dioxide contamination by volcanoes using multiple wavelength pairs.
The latest version o f this algorithm (V0.9.45m), calculates radiance residuals at 12 
wavelengths (listed below), which include the six EP/TOMS wavelengths used in the 
vO.9.41 release, (308.70nm, 312.61nm, 317.62nm, 322.42nm, 331.34nm, 360.15nm), 
plus six additional wavelengths (310.80nm, 311.85nm, 313.20nm, 314.40nm, 
345.40nm, 372.80nm).
The residuals at additional wavelengths are used to check instrument calibration and 
also serve as input for deriving the SO2 column. The SO2 data will be released later as 
a separate product. Note that the algorithm for deriving total ozone remains the same 
as in vO.9.41. The primary difference between the TOMS-V8  and its OMI version 
would be that these diagnostics and correction procedures can be improved by taking 
advantage o f OMI’s hyper spectral capability. This will be particularly useful in 
identifying instrumental errors, particularly slowly developing calibration drifts [49].
Band Residual Difference (BRD) Algorithm
This algorithm uses only four OMI wavelength bands for detection o f SO2 mainly o f  
volcanic but also anthropogenic origin. These bands are centred at the local minima 
and maxima of the SO2 absorption cross section between 310.8 and 314.4 nm. This
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selection enables the BRD technique to take advantage o f the large differential 
absorption o f the three pairs (PI, P2, P3) formed by the adjacent bands, thereby 
maximizing the detection sensitivity to small SO2 column amounts (Figure 2-18). 
Doing so, however, makes this technique unsuitable for situations with large SO2 
loadings when the band residual differences o f these pairs show nonlinear and non­
monotonic responses to SO2 increments and the BRD algorithm may fail [19].
This algorithm is based on the same principles described in the Inverse Model section 
of this chapter where a ratio o f the observed radiation to a reference is taken (Eq. 2-5). 
This ratio in its logarithmic form is commonly used and defined as N-value given by:
Where I is Earth radiance and F is the solar irradiance.
The BRD algorithm makes use o f 0M T03 ozone (Do), Lambertian effective 
reflectivity (LER), and calibrated residuals at four UV-2 wavelengths centred on SO2 
bands (Figure 2-18 showing N values for 1 DU increments at two different heights) to 
estimate a total vertical column SO2 amount (£0) assuming that the logarithm o f the 
spectral reflectance ratio in pairs (Nj) according to two adjacent wavelengths.
Do and Eq are true column ozone and SO2 amounts; yj, and cij are SO2 and O3
(AMF); relative column to an average photon path o f sunlight entering the atmosphere 
at solar zenith angle (SZA or Go) and exiting the atmosphere at the OMI viewing 
zenith angle (VZA or 0); gj is a correction to accounting for absorber vertical 
distribution, column amount and LER. The S(^) term represents any systematic biases 
in either the measurements (calibration) or the model as well as the scattering 
atmospheric contribution.
N = -100 log j
(2-22)
(2-23)
For a pair (j), the N-value can be approximated as [19]:
dS
^  =  km gj((X j-Q o +  Y j-^o) +  ~ ' A h
(2-24)
Where,
1 00
ln(10) is a scaling factor, (2-25)
differential absorption coefficients for the pair; m is the geometrical air mass factor
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Figure 2-18 Band Residual Difference algorithm based on three pairs [19].
The main advantage o f using N-pair values is that wavelength-independent 
systematic errors are cancelled and wavelength-dependent error terms become 
proportional to AX,; the latter is minimized by selecting close wavelength pairs AX—>0. 
The O M T03 algorithm is also required in BRD to provide estimates and closure o f 
the equations by using the B-pair (317.6 nm, 331.3 nm) under most conditions, and 
the C-pair (331.3 nm, 360.2 nm) for high ozone and high solar zenith angle 
conditions. The longer o f the two wavelengths is used to derive LER (or cloud 
fraction); the shorter wavelength provides total ozone. The residuals at the ten other 
wavelengths are then calculated as the difference between the m easured and the 
computed N-values that account for the effects o f multiple Rayleigh scattering, ozone 
absorption, Ring effect, and surface reflectivity.
Linear Fit (LF) Algorithm
This recently developed algorithm uses the radiance measurements at a few discrete 
ultraviolet wavelengths to derive SO2, ozone, and effective reflectivity 
simultaneously. These 10 central wavelengths are 310.80, 311.85, 312.61, 313.20, 
314.40, 317.62, 322.42, 331.34, 345.40, and 360.15 nm. The suitability o f  these bands 
for the discrimination o f O3 and SO2 can be observed from the two absorption cross- 
sections and their ratio p (Figure 2-19).
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Figure 2-19 Wavelengths used in the Linear Fit Algorithm [50].
This algorithm is based on the spectral fitting technique developed for ozone retrieval
from the full spectral measurements o f the Solar Backscattered Ultraviolet (SBUV)
instrument. This fitting technique was further developed to combine with the TOMS-
V 8 retrieval and also applied to GOME measurements, and now it is adopted and
extended in the Ozone M onitoring Instrument (OMI) [50]. As in those algorithms, the
logarithmic ratio o f radiances defined as the N-value (Eq. 2-15) that relates the
geophysical parameters, consisting o f vertical columns o f  ozone (O), SO2 (S), surface
reflectivity (R), and others, via a radiative transfer model.
N = N (Q , H , R )  + eT 
m (2-26)
Where, &r denotes the total error, a combination o f m easurement and model errors for
a particular wavelength. Furthermore, assumptions are made on the vertical
distribution profiles o the absorbers and an estimate o f the reflectivity from
wavelengths outside the absorption.
The retrieval o f  the geophysical parameters: Q, S , R can be achieved by adjusting 
them until TOA radiances from the forward model match the measurements at the 
selected wavelength bands. Given the presence o f measurement and model errors, the 
solution to this retrieval can be expressed mathematically as the minimization o f  the 
sum o f the squares o f the residuals over the selected bands. Residuals are defined as 
the differences between the measured N values and those calculated using the forward 
model (Nm-No). The minimization problem can be further simplified linearisation o f
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(Eq 2-17). To accomplish this, a reference point (No), denoted by the initial state 
vector (£2o> So, Ro, ci=0, C 2 = 0 )  is chosen to be the initial solution to the retrieval [50]. 
Equation (2-17) can then be written as:
W here C[ is a low-order polynomial (quadratic in the current implementation) used to 
account for the wavelength dependence o f surface reflectivity. The m inimization can 
now be solved as the linear least square fitting o f the residuals for a set o f 
measurements at different wavelength bands by the weighting functions: d'N/dQ., 
dN/dE, 5N/5R and a modulated polynomial o f wavelength X, with Xo being the 
reference wavelength, usually chosen to be the wavelength where Ro is derived.
The LF algorithm performs its retrieval by selecting those bands whose residuals still 
respond nearly linearly to the change in SO2. M easurements at longer wavelengths 
(>320 nm) exhibit a more linear response to SO2 changes. This behaviour can be 
observed in a sample o f typical weighting functions obtained from forward-modelling 
that show the changes in N-Values (3N) for 4 different concentrations o f SO2 (3E) 
ranging from 0-100 DU in combination with other changes in O3 (512) and 
Reflectivity (dR) (Figure 2-20).
310 315 320 325 330 335
O N
<32
0 .4 <3N 0 .4
g 0 .2 0 . 2
-HVo
3 0 0
- 0 . 6
- 0 . 4
- 0 . 2
310 315 320 325 330 335  
A (nm)
- 0 . 8
Figure 2-20 Weighting Functions for Linear Fit Algorithm [50].
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From the figure, it can be observed that the sensitivity (weighting functions) to SO2 
changes decreases as the SO2 loading increases (Higher concentrations are shown in 
black from top to bottom). This non-linear behaviour could result in an underestimate 
o f the SO2 load. To account for this effect with large loads, an iterative procedure is 
typically required with residuals and weighting functions recalculated at each iteration 
step. In order to simplify the computation and improve the speed o f SO2 retrieval 
though approximation, the LF algorithm discards the shortest wavelengths one at a 
time when the initial estimate is higher than 10 DU. Once the 322.42 nm band has 
been used in the retrieval, the highest estimate o f SO2 from those longer wavelengths 
is chosen as the result for operational purposes [50].
The LF algorithm is very fast when applied to measurements at a small set o f discrete 
wavelengths and produces reasonable estimates o f vertical columns for a wide range 
of conditions; therefore it is suitable for near real-time application in aviation hazards 
and volcanic eruption warnings. However, very large SO2 loadings (>100 DU) require 
an off-line iterative solution o f the LF equations to reduce the retrieval errors. The LF 
algorithm is also very flexible in terms o f measurement input; it can be applied to the 
discrete bands from TOMS, or some optimally selected discrete selected wavelength 
windows. Because o f this built-in algorithm flexibility, it is an ideal choice for making 
a long-term consistent SO2 data record using past (TOMS, GOME), present (OMI, 
SCIAMACHY, GOME-2), and future (GOME-2, OMPS (Ozone Mapping and 
Profiler Suite) BUV measurements from instruments on satellite platforms [50].
Additional to this algorithm there is a sliding median residual correction method for 
removing both the along- and cross-track biases from the LF retrieval results. In this 
correction method, a median residual for a band is calculated for each cross-track 
position from a sliding group o f pixels along the orbit track. This sliding group o f  
pixels, centred on the pixel selected for correction, covers about 30° o f latitude in the 
middle o f the sunlit portion o f the orbit. The 30 degree span o f latitude is large enough 
to encompass sufficient background (minimal SO2 loading) pixels, and at the same 
time it is small enough that the errors (of both measurement and modelling) do not 
change significantly within the region. The S0 2 -contaminated pixels are, determined 
by residuals that are consistent with real SO2 and with slant column greater than 2 DU
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(estimated using the BRD method [19]); these are excluded from the sliding group 
[50].
2.3.5 Uncertainties and Errors
The two main sources o f errors o f retrieval methods are those involved in the forward 
model; and those related to the measurements directly related to the instrument. 
Furthermore, forward modelling errors and instrument calibration errors are not 
randomly distributed over the globe. Model errors usually correlate with viewing and 
illumination geometry, cloud patterns, and ozone loading and its profile shape, while 
measurement errors, such as stray light contaminations, are affected by the scenes 
being observed [46].
In the forward model, the atmosphere is divided into layers, and the absorber profiles 
are specified by their vertical layer amounts. Some o f the uncertainties derived from 
these parameters include: the atmospheric temperature profiles, the angles that specify 
illumination and viewing geometry; the effective cloud pressure; the spectroscopic 
constants o f ozone and SO2; other forward model errors such as incomplete 
accounting for inelastic scattering (Raman Rotational) effects and other possible 
imperfections in the radiative transfer calculations. The total measurement error o f the 
instrument includes the errors in radiometric and wavelength calibration, spectral 
response function, and the random measurement noise.
Various methods are used for empirical correction o f SO2 and O 3  retrievals depending 
on the algorithm used. These corrections account for assumptions and conditions in 
the retrieval o f a particular product. For instance, traditional DOAS algorithm uses the 
reference sector approach [51]. In the BRD algorithm, the 0M T03 residuals are 
corrected by subtracting its corresponding orbital equatorial averages, calculated after 
excluding heavily SO2 contaminated pixels [19]. The LF algorithm uses the Sliding 
Median Residual [50]. In order to account for a partly clouded pixel, a Lambertian 
Equivalent is often used assumed to be the weighted sum o f radiances contributed 
from the clear and cloudy independent sub-pixels with fixed reflectivity (usually 0.15 
and 0 .8 ).
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All the assumptions and constraints about absorber profiles are necessary and this is 
done in most remote sensing algorithms [40]. Moreover, the instrument capabilities 
with its uncertainties, errors and noise will undoubtedly be the ultimate theoretical 
limit for a particular retrieval method. Even with the relative basic but robust 2- 
wavelength algorithm in TOMS V - 8  are usually quite good (rms error <2%), with 
large errors in special situations [49]. The DOAS method is insensitive to radiometric 
calibration errors that are multiplicative and constant with wavelength. However, the 
method is sensitive to additive radiometric errors (offsets). When applied in OMI 
measurements, the estimated accuracy o f the total column ozone is 2-3%. For the slant 
column density the expected accuracy is better than 2% [52].
The errors obtaining estimates o f the Slant Column Density (SCD) are often given in 
Dobson Units (DU) and do not take into account any errors in the background 
correction, the air-mass factor, or other steps in the process: the error just reflects the 
error due to the DOAS retrieval o f the slant column. Thus, the error in the ozone 
vertical column is estimated from the error in the slant column A VCDtot (neglecting 
the error in the Air Mass Factors) [41]:
AVCD = j ^ -  (2-28)
AMF,0,
Since the error in the AMF is neglected in this estimate, the real error in the vertical 
column is generally larger. However, the error in the AMF is not easily quantified 
because it depends on many variables, such as the presence o f aerosols, the 
uncertainty in the climatological ozone profiles and the errors in the surface albedo 
and cloud parameters.
The final products obtained from different algorithms on the same instrument data can 
be in agreement depending on particular conditions. The BRD retrieval would yield 
reasonable results under low SO2 conditions, in good agreement with the LF results 
for SO2 amounts <10 DU. With BRD, SO2 values are about 6% percent higher than 
the LF values. This is due to the BRD assumption o f a lower and narrower vertical 
SO2 profile than the prescribed profile used in the LF algorithm. However, the BRD 
retrieval underestimates SO2 amounts in the presence o f large SO2 loadings.
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3. Remote Sensing of Volcanic Clouds
This chapter provides the necessary information on the various approaches identified 
for the purpose o f monitoring volcanic clouds; it describes some o f their most 
important constituents and hazards. Special attention is given to volcanic products 
such as sulphur dioxide (SO2), ashes and aerosols injected into the atmosphere. These 
elements represent a hazard for aircraft that various projects have dedicated their 
efforts to avoid. Some o f these programs and their applications are mentioned and 
discussed in terms o f their requirements and operational points o f view. Simulations 
o f the radiative properties o f volcanic clouds are given using MODTRAN to simulate 
different atmospheric conditions. Variations o f sulphur dioxide concentrations and 
heights are considered to calculate the changes in radiances perceived by the proposed 
instrument under various total column o f ozone content.
Finally in this chapter, satellite instrumentation used in the UV for ozone and sulphur 
dioxide monitoring is discussed from the application and optical design point o f view; 
their advantages and disadvantages are identified and a brief historical overview is 
given. The heritage in algorithms and retrieval procedures used have evolved over the 
years, and the latest trends in instrument design are discussed having in mind the role 
that miniaturised instrumentation can play if  properly developed.
3.1 Volcanic Clouds: Hazards, Constituents and Challenges
Every year there are about 60 volcano eruptions. On average the ash cloud o f 10 o f  
these eruptions reach flight levels along major aircraft routes. From 1980 to 2005, 
more than 1 0 0  aircraft have sustained at least some damage after flying through 
volcanic ash clouds, resulting in cumulative damages o f over $250 million dollars. At 
least seven o f these encounters have resulted in temporary engine failure, with 3 
aircraft temporarily losing power from all engines. Engine failures have occurred at 
distances from 150 to 600 miles from the erupting volcanoes. Ash related aircraft 
damages have been reported as far as 1,800 miles from a volcano eruption [53].
Small eruptions can be as dangerous to aircraft as much larger events, making 
detection and tracking o f small volcanic clouds crucial for effective hazard mitigation 
[54]. The Disaster Management Support Group o f the Committee on Earth 
Observation Satellites (CEOS) has identified the following users o f ash related 
products.
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Table 3-1. Primary Users of Volcanic Cloud Products [55]
International National State/province/local
VAACs Civil aviation a g en cies Em ergency m anagers
MWOs Regional airlines, ACCs Airport m anagers
ACCs All airlines, Military Police
Major airlines
G eophysical and 
m eteorological a g en cies Fire and rescue
International Relief 
A gen cies (Red Cross)
Em ergency m anagem ent 
agen cies Medical facilities
G eophysical researchers Medical/relief a g en cies
Volcano observatories
Volcanic clouds contain a variety o f components including [56]: volcanic gases 
(including SO2), ashes, pyroclasts and aerosol particles derived from reactions o f  
volcanogenic and atmospheric materials; products from the ambient atmosphere, such 
as water vapour and gaseous species, and various particles from the land and sea 
including wind-blown silicates, sea salt and others. The volcanogenic components 
(SO2 and ashes in this case), make the volcanic clouds distinctive, and allow 
discrimination from meteorological clouds. Thus, they can be tracked by satellite 
sensors in ultraviolet or thermal infrared bands, and for periods that range from 
minutes to weeks [6 ]. These clouds can also be studied using direct sampling methods 
using aircraft. However, because o f safety reasons, only plumes and small volcanic 
clouds have been directly sampled in this way.
3.1.1 Sulphur Dioxide (S 02)
Sulphur dioxide, SO2 , enters the atmosphere as a result o f both natural phenomena 
and anthropogenic activities (combustion o f fossil fuels, oxidation o f organic material 
in soils, volcanic eruptions, and biomass burning). From the latter, coal burning is the 
single largest man-made source o f sulphur dioxide, accounting for about 50% of  
annual global emissions, with oil burning accounting for a further 25 to 30%.
Sulphur dioxide reacts on the surface o f a variety o f airborne aerosols, and is soluble 
in water, producing sulphuric acid. This acidic pollution can be transported by wind 
over many hundreds o f kilometres, and is deposited as acid rain.
Any quantitative validation o f SO2 and aerosol data products o f volcanic origin is not 
straightforward, due to [42]:
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1. The difficulty to plan correlative measurement long-term programmes or even 
campaigns for -  nearly -  unpredictable eruptions.
2. Safety and practical issues to get correlative measurements in the vicinity o f  
an erupting volcano.
3. The current lack o f  suitable devices to perform accurate SO2 column 
measurements from the ground.
Changes in the abundance o f sulphur dioxide have an impact on atmospheric 
chemistry and on the radiation field, and hence on the climate. Consequently, global 
observations o f sulphur dioxide are important for atmospheric and climate research. In 
addition, tropospheric SO2 at high concentrations has negative effects on human 
health, in particular in combination with fog (smog).
In the troposphere, besides anthropogenic emissions and other natural sources, 
volcanoes contribute about 36 % to the tropospheric sulphur burden with either out 
gassing or eruptive events. In this region, SO2 is converted into sulphate aerosols that 
can modify formation and lifetime o f cirrus clouds, as referred by [57]. Aerosols in 
the troposphere are also important for global climate, according to [34, 58]
Explosive eruptions reach the stratosphere in general at least once every 2 years, 
according to Simkin [59]. However, measurements o f SO2 in the stratosphere are very 
important because they provide unambiguous detection o f volcanic eruption clouds 
with a very low false alarm rate due to the lack o f any other large sources o f  
stratospheric SO2 [1, 60].
Injection o f SO2 by volcanic eruptions and its subsequent conversion to H2SO4 results 
in stratospheric volcanic aerosol formation [46]. These sulphates have residence times 
o f a few years according to [57]; and their effect can result in cooling o f the surface 
(counteracting the greenhouse effect) and warming o f the stratosphere if  the effective 
radius o f the particles is less than ~2 pm as referred by [58]. Therefore the importance 
o f monitoring this gas for global climate studies.
Sulphur gases contribute typically 2 to 35% volume o f volcanic gas emissions. Thus 
elevated levels o f SO2 and the presence o f sulphate aerosols can distinguish volcanic 
clouds from other cloud types [45]. Sulphur dioxide measurements are very important 
since there is a general correlation between the SO2 flux and volcanic activity [61]. 
However, to date, there are no recorded occurrences o f detection o f precursory
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activity (i.e. detection date preceding recorded eruption date) by any instrument [54]. 
Sulphur dioxide is also the most relevant species concerning the climatic impact o f 
volcanic events.
Detection o f  other gas species less abundant than S 0 2 such as hydrochloric acid 
(HC1), hydrofluoric acid (HF) have not been employed partly because o f  their low 
concentration in volcanic plumes and/or because o f the difficulty in isolating a usable 
spectroscopic signature o f the species [61]. Furthermore, S 0 2 is also the principal 
volcanic gases species that is not subject to interference by other large sources o f high 
background concentrations, making it an obvious target for remote sensing [54].
Clean continental air contains less than 1 part per billion (ppb) o f S 0 2, which 
corresponds to a total column density below 0.2 equivalent Dobson Units (DU) at 
standard temperature and pressure o f  S 0 2 in a boundary layer o f 2 km scale height. 
Polluted regions o f  the northern hemisphere range from 0.5 to 3 DU according to Carn 
[54].
Volcanic eruptions result in column densities o f  2 and up to 700 DU in very fresh 
plumes according to [6 ]; 30 to 1000 DU according to [54] depending on the size o f 
the eruption. M ost plumes are less than 100 DU S 0 2 [9]. Values greater than this 
limit in the TOMS database are observed only in the first day o f  eruptions except for 
the largest eruptions, such as Mt. Pinatubo, or El Chichon (Figure 3-1).
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Figure 3-1 TOMS S 0 2 product for El Chichon volcanic eruption
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3.1.2 Aerosols
Volcanic aerosols (smaller than 1 micrometre) are mostly formed by condensation 
processes such as conversion o f SO2 gas released from volcanic eruptions to sulphate 
particles. The presence o f aerosol increases the atmospheric albedo, reflecting solar 
radiation, cooling the Earth’s surface, absorbing terrestrial infrared radiation, and 
modifying the greenhouse effect in the atmosphere [1]. Therefore, it is important to 
detect these particles when tracking volcanic clouds.
Aerosol retrieval is also dependent on the use o f a large wavelength range and is 
particularly sensitive to the presence o f clouds and surface albedo, because they cause 
changes o f the absolute reflectance perceived by the sensor. In the TOMS-type of 
retrieval (total ozone, SO2 index and aerosol index), based on the use o f a few 
wavelength bands o f 1 nm over a wavelength range o f 308-360 nm, the absolute 
reflectance is also an essential factor for its accuracy [28].
The aerosol optical thickness and single-scattering albedo are retrieved using the 
TOMS UV v.8.0 algorithm [24] and the OMI UV/VIS multi-wavelength algorithm 
[25]. The algorithms are applied to (nearly) cloud-free pixels. The first aerosol 
retrievals using the TOMS UV algorithm have shown biomass burning detection as 
well as dust events above the Sahara using the Aerosol Index product [62].
3.1.3 Ashes
When significant ash is present in the volcanic cloud, SO2 measurements with TOMS 
can be overestimated by 15-25% [22]. Therefore, it is important to devise robust 
sulphur dioxide retrievals that are not affected by ashes. Many eruptions exhibit 
separation o f SO2 and volcanic ash, typically almost immediately after eruption. 
These separation processes have shown that improved data frequency, particularly in 
the UV, would improve the understanding o f the gas-ash interactions [56].
In the ultraviolet, it is also possible to use the spectral contrast between TOMS non­
absorbing channels to derive ash parameters. The Aerosol Index (AI) algorithm has 
been described in the previous chapter (Eq 2-13) and it is a common method used to 
estimate ashes in volcanic clouds. The Aerosol Index can be converted to mass o f ash 
using a radiative transfer model where ash clouds are explicitly included together with 
additional information about plume altitude, ash particle refractive index, and size 
distribution. Figure below shows the high content o f aerosols after Pinatubo eruption 
in 1991.
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Figure 3-2 TOMS Aerosol Index product for volcanic ash
The UV ash detection method used by TOMS is very robust, working for opaque, 
very fresh eruption clouds, over cold meteorological clouds, and in humid conditions, 
all o f  which cause the IR retrievals to fail. However, only the IR m ethod works at 
night [1]. Thus, the UV method works with the following assumptions [22]:
1. The volcanic cloud is a single, horizontally homogeneous layer at known 
altitude.
2. No tropospheric water clouds or non-volcanic aerosols are present.
3. The reflectivity o f the underlying surface is known.
4. The particles are spherical.
5. The influence o f ash particle size on the polar angle is equivalent to a change 
from non-absorbing to strongly absorbing ash.
Volcanic clouds are also observed using infrared channels (AVHRR, M ODIS, 
ASTER and GOES) under the same assumptions. AVHRR band 4 (10.3 to 11.3 pm) 
minus band 5 (11.5 to 12.5 pm) brightness temperature differences (BTD) are used to 
detect the volcanic cloud and distinguish it from meteorological clouds [56].
However, observations in these bands are limited to being over water because o f 
requirements for low, non-variable surface reflectivity that are not met over land [63]. 
These reflectivity issues are less important in UV retrievals, thus the method is more
Juan Fernandez
- 5 0 -
Surrey Space Centre
3. Remote Sensing of Volcanic Clouds
robust. Therefore, the use o f complementary redundant methods o f ash detection 
appears to be advantageous in mitigating the hazards o f volcanic clouds to aircraft.
3.1.4 Challenges in Monitoring Volcanic Clouds
Satellite-based remote sensing for SO2 observation has two mayor advantages [60]: 
One is the ability to collect repetitive measurements in a safe and cost-effective 
manner even in remote areas. This is important especially for volcanoes in developing 
countries. Another is the ability to measure the two-dimensional distribution o f SO2 
over a broad region o f a plume or cloud. However satellite-based remote sensing has 
disadvantages, for example, the low spatial resolution and low observation frequency. 
Despite these facts, satellites have even detected SO2 from several eruptions not 
known from ground observations [57]. Global volcanic out gassing is inherently 
difficult to quantify because o f variations in out gassing style (effusive vs. explosive), 
lack o f long-term measurements, and cycles in volcanic eruption magnitude and 
frequency over time [ 1 ].
In general, it is very difficult to validate the SO2 column amount retrieved from 
satellite measurements o f  a volcanic plume, mainly because o f the lack o f independent 
measurements that are comparable to the satellite observations. Furthermore, the 
detection o f tropospheric plumes is strongly dependent on cloud altitude and lower 
boundary reflectivity [22], [9]. The dependence on surface reflectivity diminishes 
with altitude; SO2 in the upper troposphere is overestimated by 1 0 -2 0 % for clear 
conditions and by 15-30% over clouds. Because o f the un-predictable nature o f  
volcanic events, spatial and temporal resolutions play a vital role in monitoring 
applications. Furthermore, because o f the large scale o f their effects, volcanic 
emissions require observations on a global scale.
In the practice o f the SO2 retrieval, especially in automatic processing, there is no 
information available on the plume’s altitude. Thus an assumption must be made 
about its height. In some retrieval methods the vertical column is computed for three 
different assumed plume heights. These are not precise measurements but they allow 
the consideration o f three basic scenarios given the plume height. These are 
considered at 1, 6  and 14 km [42]. The first one represents passive out gassing o f  
volcanoes and anthropogenic activities, the second one moderate volcanic eruptions
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and the third one explosive eruptions. These numbers agree more or less with the 
choice made by the OMI team for their SO2 data retrieval and delivery.
3.2 Current Applications and Systems
Before attempting a new low-cost approach to space-based volcanic monitoring, it is 
necessary to investigate the way current systems deal with such applications.
3.2.1 Volcanic Ash Advisory Centres (VAAC)
The VAACs are part o f  an international system set up by the International Civil 
Aviation Organization (ICAO) called the International Airways Volcano W atch 
(IAVW), which was founded in 1995. The IAVW  was set up in the early 1980s in 
response to a number o f serious incidents in which je t transport aircraft had 
encountered volcanic ash in flight and lost power on one or more engines. The IAVW  
comprises observations o f volcanic ash from volcano observatories and other 
organisations, satellites and aircraft in flight, the issue o f warnings in the form o f 
NOTAM  and SIGMET messages. Nine V A A C’s around the world are responsible for 
advising international aviation o f the location and movement o f clouds o f volcanic 
ash. These are located in: London, Toulouse, Anchorage, W ashington, Montreal, 
Darwin, W ellington, Tokyo, Buenos Aires (Figure 3-3).
Anchor;
VAA(
W ashington
VAAC
R egion not covered
http://www.metoffice.gov.uk/aviation/vaac/ 
Figure 3-3 Volcanic Ash Advisory Centres and their regions
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These centres issue volcanic ash advisory messages, identifying areas o f volcanic ash 
and their predicted movement. VAAC responsibilities to aviation users include:
■ Utilise satellite data, pilot reports, and other sources o f information to detect 
and track ash clouds.
■ Use trajectory/dispersion models to forecast the motion of ash plumes.
Initial notification that an eruption has occurred usually comes from eyewitnesses or 
volcano monitoring centres; this can be a slow and unreliable process, particularly for 
volcanoes in isolated areas. Some automated volcanic eruption detection systems use 
geostationary infrared images and forecast meteorological data offering half-hourly 
monitoring of volcanoes over a wide field o f view. VAAC’s commonly use the 
following detection systems in their effort to detect and track volcanic eruptions.
Volcanic eruption detection system
The detection algorithm looks for clouds which exhibit characteristics consistent with 
them being volcanic in origin.
■ Shape - the cloud should have circular or a plume shape spreading downwind.
■ Location - the cloud top should be close or downwind o f a volcano.
■ Contrast - the cloud top brightness temperature should differ from the 
immediate surroundings.
■ Height - the cloud top height should be at the same height as the wind used for 
establishing the shape and location conditions.
Clouds are identified as having the correct shape for volcanic ash by checking for 
good shape correlation between the actual cloud and the cloud that might be expected 
for an eruption cloud in the prevailing meteorological conditions. In order to rule out 
as many false alarms as possible, the cloud must also pass the following checks to 
give sufficient confidence that it is not a meteorological cloud.
■ Temporal check - the cloud was not present upwind o f the volcano in a 
previous image.
■ Grey level check - there are no other clouds in the vicinity at the same height.
■ Sudden appearance check - the cloud has suddenly appeared in the image.
■ Convective cloud check - no convective cloud has been forecast at that height. 
The eruption detection system detected two thirds o f the eruptions upon which it was 
tested, and could monitor the London VAAC's area o f responsibility with the 
production o f between one and two false alarms each day.
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Volcanic ash detection tool
The collection o f polar orbiter and geostationary satellites provide global coverage 
and their data enables forecasters to track a volcanic ash cloud over long distances as 
long as it can be distinguished from water-bearing clouds. In standard visible and 
infrared satellite imagery volcanic ash clouds can resemble water-bearing clouds. 
However, the radiative absorption properties o f the silicate in the volcanic ash are 
different to those o f water in the infrared wavelength range 10-12 microns. An image 
showing the brightness temperature difference between channels at 1 0 . 8  and 1 2 . 0  
microns (BT10.8 - BT12.0) can be used to distinguish volcanic ash from water­
bearing clouds the difference between these two channels is positive for water-bearing 
clouds and negative for volcanic ash clouds.
Met Office forecasters operating the London VAAC service currently use BT10.8 - 
BT12.0 imagery from the Advanced Very High Resolution Radiometer (AVHRR) on 
board polar orbiting satellites to monitor and track the movement and dispersion o f  
volcanic ash clouds in their area o f responsibility. The Met Office is now also 
producing BT10.8 - BT12.0 images every 15 minutes from the geostationary satellite 
series, Meteosat Second Generation.
Volcanic ash forecasting
Once an eruption has occurred, the VAAC initiates a run o f the NAME atmospheric 
dispersion model, a modified version o f the Met Office Nuclear Accident Model to 
forecast the behaviour and trajectory o f the volcanic ash plume. The VAAC forecaster 
provides the location, start time, release height and the top and bottom o f the plume (if 
known) and the model is then run which takes about 15 minutes to complete.
Output from this model is in a map-based graphical format, and can detail expected 
ash concentrations over a large region for up to 1 0  days after the initial volcanic 
activity. The forecaster then prepares the volcanic ash advisory message with the 
expected positions o f the ash plume for up to 24 hours ahead. Graphical output o f the 
spread o f a potential plume is also produced automatically for the air traffic 
management authorities to be aware o f the general wind flow and contingency routes 
that might have to be deployed before an actual eruption takes place.
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3.3 Related projects
Various related projects and efforts have been initiated by m any organisations 
regarding atmospheric and volcanic monitoring. The resulting information services 
are often related to each other serving various groups with interests in aviation, 
tropospheric emissions, validation, and volcanology. These projects highlight the 
importance o f obtaining additional observations for O3, SO2 and aerosols. Therefore, 
an important contribution will be made if  these additional observations at obtained at 
low cost, using miniaturised instrumentation yet capable o f providing information o f 
scientific value. The following table gives a summary o f the most important related 
projects:
Table 3-2 Related projects to atmospheric and volcano monitoring.
The Support to Aviation Control Service (SACS') aim 
o f SACS is to deliver in Near-Real-Time (NRT) data 
derived from satellite measurements regarding SO2 and 
aerosol emissions possibly related to volcanic 
eruptions, and where possible to track volcanic plumes
SACS
htto ://sacs. aeronomie .be/
PROM OTE proiect Services o f Stage II. PROtocol 
M OniToring Part o f  the Global M onitoring for 
Environment and Security program (GMES), a joint 
initiative o f the European Commission and the 
European Space Agency.
0
A I;,:::,:::
P R O M O T E
TEMIS Tropospheric Emission M onitoring Internet 
Service project, one part o f the near-real-time SO2 
delivery o f SACS, long-term data sets will be 
generated for ozone, UV, aerosols, SO2 and other trace 
gases
http://www.temis.nl/
NOV AC Network for Observation o f Volcanic and 
Atmospheric Change (NOVAC) project, one part o f 
the S 0 2 data from SACS is going to be used for 
validation tasks
;pf|
http://www.novac-proiect.eu/
Glob Volcano proiect. part o f  the Data User Element 
(DUE) program o f ESA Part o f the SO2 data from 
SACS is going to be part o f the
l i i
c 3 L a B v n » _ c« n a
http ://www. elobvo Icano. ore/
3.3.1 SACS (Support to Aviation Control Service)
The Support to Aviation Control Service (SACS) is part o f the PROM OTE and 
TEMIS projects [64]. The aim o f SACS is to deliver in Near-Real-Time (NRT) data 
derived from satellite measurements regarding SO2 and aerosol emissions possibly 
related to volcanic eruptions, and where possible to track volcanic plumes. The
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service provides the data in the form o f global as well as regional maps. Data is 
obtained from different instruments such as SCIAMACHY, OM I and GOME-2.
The development o f UV instruments for micro-satellites can contribute and benefit 
from these services. Figure 3-4 shows the current structure o f SACS and how micro­
satellite instrumentation can complement these services. The notification system can 
be integrated in the current Disaster M onitoring Constellation (DMC) [65] activities 
in support o f  the International Charter 'Space and M ajor D isasters’. The DMC has 
already provided project manager support to previous Charter activations in liaison 
with ESA, including during the 2003 Soufriere Hills volcanic eruption in M ontserrat 
in 2003 [6 6 ].
OMI
E-mail
SEVIRI
W ebsite
GOME-2
Validation
Trajec­
tories
SCIAMACHY
Aerosol
indicator
S 0 2  slant and/or 
vertical colum ns
NRT analysts and notification system
Micro-satellite 
UV Instruments
Figure 3-4 Schematic overview of the structure of SACS [42]
On the basis o f selection criteria o f exceptional SO2 emissions, SACS will send 
notifications by e-mail to interested parties, with a reference to specific pages at the 
website. In addition to this, high-resolution images taken with a 15 minutes scan cycle 
by the SEVIRI instrument o f Europe and Africa will provide information to trace 
volcanic ash plumes by way o f a volcanic aerosol indicator Thus, together with 
information from other sources, data from SACS can assist official organisations - the 
Volcanic Ash Advisory Centres (VAACs) - when issuing alerts regarding volcanic 
activity to air traffic control and airline organisations, so as to help these to decide 
whether to reroute aeroplanes in case o f  volcanic clouds.
3.3.2 PROMOTE (PROtocol MOniToring for the GMES Service)
This project is part o f the Global M onitoring for Environment and Security program 
(GMES), a jo in t initiative o f the European Commission and ESA [2]. Its mission is to 
construct and deliver a sustainable and reliable operational service to support 
informed decisions on the atmospheric policy issues o f  stratospheric ozone depletion, 
surface UV exposure, air quality, climate change and aviation. The SO2 column
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archive service will provide global maps (yearly, monthly, 3-day composite and daily 
maps) and data-files (HDF). Higher resolution maps over pre-defined regions known 
for S 0 2 emission from anthropogenic pollution or from volcanic activity are provided 
as well. For the Volcanic S 0 2 Service, a set o f  42 geographic regions o f  30 by 30 
degrees covering known volcanoes has been defined Figure 3-5.
Volcanic S 0 2  service
BIRA-IASB/ESA location ot volcanoes
-150 -120 120 150-90 -60 -30 30 90
m
-150 -120 120 150-90 -60 -30 30
Volcanoes with last known eruption alter 1800 Submarine volcanoes
A  2000 - present A 1900 -1999 1800- 1999 •  1800 - present
Figure 3-5 Location of volcanoes for the S 0 2 PROMOTE service
The service includes data related to volcanic eruptions: Sulphur dioxide based on
SCIAMACHY, OMI, GOME-2, and aerosols based on SEVIRI with global coverage
and near-real-time operation.
3.3.3 TEMIS (Tropospheric Emission Monitoring Internet Service)
This service aims to compute and deliver global concentrations o f tropospheric trace 
gases, and aerosol and UV products derived from observations o f  nadir-viewing 
satellite instruments such as GOME, SCIAMACHY and AATSR. TEMIS is part o f 
the Data User Programme (DUP) o f the European Space Agency (ESA) [3]. The 
service o f TEMIS centres around four themes: Air pollution monitoring, UV radiation 
monitoring, Support to Protocol M onitoring (O3, aerosols) and SACS. W ithin the 
TEMIS project, long-term data sets will be generated for ozone, UV, aerosols, S 0 2 
and other trace gases.
3.3.4 NOVAC
The Network for Observation o f Volcanic and Atmospheric Change (NOVAC) 
project is a 4-year scientific project funded by European Union. It started on 1
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October, 2005. The main objective o f this project is to establish a network o f stations 
for the quantitative measurement o f volcanic emissions (in particular S 0 2 and BrO 
and aerosols) by UV absorption spectroscopy. Then, to use the data for risk 
assessment and volcanological research purposes [4]. At present, the global volcano 
monitoring network encompasses observatories o f 15 volcanoes from five continents, 
including some o f the most active and strongest out gassing volcanoes in the world 
(Table 3-3).
Table 3-3 Current volcano observatories in NOVAC
C e n t r a l  A m e r i c a
A r e n a l 1 0 .4 6 * N , 8 4 .7 0 ° W C o s t a  R ic a
P o a s 10.20TVI, 8 4 . 2 3 W C o s t a  R ic a
S a n t a  A n a 1 3 .8 5 * N , 8 9 . 6 3 W E l S a l v a d o r
S a n  M ia u e l 1 3 .4 3 * N , 8 8 . 2 7 W E l S a l v a d o r
P a c a v a 14.38m 9 0 . 6 0 1*W G u a t e m a l a
S a n t i a a u i t o
( S a n t a m a r l a )
1 4 .7 5 6 * N , 9 1 . 5 5 2 W G u a t e m a l a
P o p o c a t e p e t l 1 9 .0 2 * N , 9 8 .6 2 * W M e x ic o
F u e a o  d e  C o l im a 19.5m 1 0 3 . 6 2 W M e x ic o
S a n  C r i s to b a l 1 2 .7 0 * N , 8 7 . 0 0 W N i c a r a g u a
M a s a v a 1 1 . 9 8 CN , 8 6 . 1 6 W N i c a r a g u a
S o u t h  A m e r i c a
G a l e r a s 1 .2 2 * N , 7 7 . 3 7 W C o lo m b ia
N e v a d o  d e l  R u iz 4 . 8 9 ‘N , 7 5 . 3 2 *W C o lo m b ia
C o to o a x i 0 .6 7 7 * 8 ,  7 8 .4 3 6 * W E c u a d o r
T u n a u r a h u a 1 .4 6 7 * S , 7 8 . 4 4 2 W E c u a d o r
A f r ic a
N v i r a a o n a o 1 .5 2 * 8 , 2 9 .2 5 * E D e m .R e p .  C o n g o
N v a m u r a a i r a 1 .4 1 * 8 , 2 9 .2 0 * E D e m .R e p .  C o n g o
E u r o p e
E tn a 3 7 .7 3 * N , 1 5 .0 0 * E I ta ly
L a  S o u f r i e r e 1 6 .0 5 * N , 6 1 .6 7 * W F r a n c e  ( G u a d e l o u p e )
P i to n  d e  la  F o u r n a i s e 2 1 .2 3 * 8 ,  5 5 .7 1  *E F r a n c e  ( R e u n i o n )
3.3.5 GlobVolcano
GlobVolcano project is part o f the Data User Element (DUE) program o f ESA [67]. It 
is lead by Carlo Gavazzi Space as prime contractor with NOVELTIS, Institut de 
Physique du Globe de Paris, Vexcel Canada and Netherlands, Tele-Rilevamento 
Europa, the Belgian Institute for Space Aeronomy (BIRA-ISAB) and KNMI. The goal 
of the project is to demonstrate EO based integrated services to support the 
volcanological observatories and other mandate users in their monitoring activities. 
GlobVolcano project has been kicked-off on 1st February 2007. The project will be 
carried out within 36 months.
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3.4 Atmospheric Simulations of Volcanic Clouds
In this section, some scenarios were considered to evaluate the different values of 
radiance under different ozone profiles, different concentrations o f sulphur dioxide 
and various heights for the gas cloud. Other calculations made are included in 
Appendix A to check for the effect o f albedo, different observation angles; day o f the 
year and time o f the day; tropospheric extinction profiles (Haze) and clouds.
In order to simulate the effects on the radiance o f a volcanic cloud containing SO2 
perceived by an orbiting sensor, radiative transfer calculations with MODTRAN were 
performed. These were programmatically ran and analysed with programs developed 
using the Interactive Data Language (IDL) v.6.2 .for Windows. The modelling o f  
these clouds was based on the following assumptions:
1. Plane-parallel cloud layer with homogeneous physical properties
2. Assumed chemical composition for the plumes
3. Assumed meteorological conditions
These assumptions greatly restrict the accurate detection o f volcanic SO2 under 
arbitrary conditions, but are the basis for more complex scenarios.
It is important to note that MODTRAN includes different choices o f extinction 
coefficient model and vertical distribution profile for volcanic activity in a parameter 
named IVULC (Table 3-4). However, these are based on the volcanic explosivity 
index (VEI) and only correspond to the different choices o f aerosol extinction 
coefficient model and the vertical distribution profile [23]. Since the distribution and 
emission o f aerosols in an eruption is complex and does not have a spectral signature 
requiring high resolution, the simulations performed do not explicitly consider 
aerosols in their modelling. Their effect on radiances is shown in Figure 3-6 
Table 3-4 MODTRAN Card 2 IVULCN values
Vertical distribution
Background Moderate High Extreme
<D Stratospheric Volcanic Volcanic Volcanic
B Background 0  1 6 7sa
0 Stratospheric4->O
S3 Aged 2 4
* Volcanicw
Fresh C 0 Q
Volcanic D D O
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The M ODTRAN indices in this card for any volcanic activity, do not take into 
account the amount o f  SO2 emitted by an eruption. In 1997, Schnetzler [6 8 ] proposed 
a volcanic SO2 index (VSI) that included this gas as a measure o f the magnitude o f 
volcanic eruptions, but this index it is not included in any radiative transfer code 
known. Therefore, these volcanic SO2 injections have to be introduced manually in 
the atmospheric model used for the radiative calculations.
n
300 305  310 315  320
W avelength  [nm]
Figure 3-6 Volcanic Explosivity Index dependence [22]
Furthermore, the sulphate aerosol model contained within M ODTRAN is also 
inappropriate for modelling ash clouds because the optical constants used do not 
represent the high quartz content o f volcanic ash [69]. Thus, no sulphate aerosols or 
ashes were included in these calculations. However, none o f  these elements have such 
a distinctive spectral signature as SO2. All current systems have to make assumptions 
on such conditions and these are normally refined in off-line processing using 
ancillary data.
3.4.1 Concentration and Height
Two o f  the most important parameters o f gas clouds are concentration and height. In 
order to investigate the effect o f these two variables on the radiance, additional cards 
must be properly set up in MODTRAN. These are user-defined profiles for 
atmospheric gases, changing concentration at different heights. Before calculating the 
radiance; one must be careful, since the concentrations are introduced in volume 
mixing ratio with units o f parts per million volume (ppmv). Because o f  the different
MODTRAN V olcanic Explosivity Index (VEI)
1 1 1 1 IVulc_1 p s c
  IVulc_2 psc
 IV ulc_3 p s c
 IVulc_4.psc
IVulc_5.psc
 IV ulc_6 p s c
 IVulc_7.psc
  IVulc 8  psc
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atmospheric pressures, the same mixing ratio at different scale heights2 will yield 
different total column amounts o f SO2 given in Dobson Units (DU).
A model consisting o f 36 layers based on a tropical atmosphere was used to simulate 
variations o f two main scenarios o f volcanic activity:
a) Small out gassing volcano near the boundary layer with the SO2 layer.
b) Great emissions injected up to 30 km due to eruptive activity.
Layers start at 1 km scale height above the boundary layer and are defined at every 
kilometre for the first 10 km and then every 5 km up to 30 km in scale height. For a 
given layer, the SO2 content is introduced in ppmv in equal amount increments. 
Details o f these two scenarios can be seen from figures below for a 25 degree solar 
zenith angle but data can be obtained for a complete set o f  the orbital ranges:
—I S02 Total Column Content vs Height
V olum e Mixinq R atio  Tppm v] : I | ~|
19.0
J 8.0
7.0
6.0 
5.0 1
I4-0 11x
13.0
12.0 
1.0
□  S02 Total Column Content vs Height
0
1 2 3 4 5
Total S02 Content [DU]
125.
12 0 .
15.
10. 
|9 .0  
18.0 |  
17.0^
6.0 -5x
|5 .0
14.0
13.0
12.0
1.0
20 30
Total S02 Content [DU]
Figure 3-7 SOz Total Amount vs. Scale Height a) Low emissions b) High emissions
2 Vertical distance from the Earth’s surface equivalent to given Temperature and Pressure conditions 
for dry air at a given gravity following the ‘Ideal gas’ thermodynamic conditions.
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For this research, the experimentation will be restricted to a reasonable data set 
consisting o f the most common volcanic clouds with concentrations < 1 0 0  DU and 
altitudes < 20 km. Higher altitudes and heavier loads were not considered because o f 
the non-linearities found in these extreme scenarios for the model used. In any case 
these are special cases to be treated separately using off-line processing for 
quantitative products; qualitative products will definitely give an obvious indication 
o f such events.
3.4.2 Radiance vs. Concentration
Once the pressure effect on total column has been analysed, the most important 
condition is consider here is the effect o f different contents o f sulphur dioxide on the 
radiance. For that, the following scenario is considered. Columns with low total 
concentration o f 10±1.7 DU are considered (Below TOMS detection limit). Radiances 
obtained will be calculated and compared with respect to a standard tropical 
atmosphere. This is shown in the next two figures.
Spectral Radiance for --10 DU S 0 2
Tropical Atmosphere 
SO_ • 0.3 ppmv (11 7 DU) <S> 2 km 
SO. - 0 3 ppmv (10.5 DUl <S> 5 km 
SO; - 0.S ppmv (10 0 DU) (® 10 km 
SO_-1.0 ppmv (10.6 DU| @ 15 km 
SO. - 2 0 ppmv (8.8 DU| (S' 20 km
$05 310 315
Wavelength [nm]
320 325
Figure 3-8 Radiance for a total of ~10 DU of S 0 2 [22]
The radiance does not change very much to help differentiate gas clouds at different 
heights on this scale. Thus, a closer look can be observed by taking the differential 
radiances with respect to the standard tropical atmosphere. From differential 
radiances, it can be seen that certain spectral bands are more suitable for 
detection/discrimination o f sulphur dioxide just based its absorption features.
In Figure 3-9, the effect o f the radiance clearly indicates the signature o f SO2 is 
identified from the peaks and troughs, which give an indication o f the presence o f  this 
gas.
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Figure 3-9 Differential Radiance for a total of ~10 DU of S 0 2 (w.r.t. Tropical Atmosphere) [22]
3.4.3 Discrimination of Ozone
Finally, a different scenario is considered for observing the effect o f different 
atmospheres with corresponding different concentrations o f ozone to further analyse 
the discrimination o f this species and the unambiguous detection o f SO2. The amount 
o f O3 exceeds by far the content o f SO2 from a common eruption; thus, decreasing the 
radiance values for the UV spectral bands analysed here. In order to illustrate this, a 
ratio o f the radiances after introducing different concentrations o f  SO2 and O3 was 
obtained with respect to the tropical atmosphere used in the previous experiments. 
The results are shown in Figure 3-10.
S02 1 0 ppmv (34 DU) @ 5 km 
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S02 - 3.0 ppmv i 99.7 DU) <® 5 km 
S02 3.0 ppmv (57 8 DU) (5> 10 km 
S02 - 0.3 ppmv (10.5 DU) <§> 5 km 
SO 2-0 3 ppmv (6.11 DU) (® 10 km 
03  Mid-Latitude Summer 
0 3  Mid-LatitudeWinter 
03  Sub-Arctic Summer 
03  Sub-Afdic Winter 
0 3  19/0 US Standard AimU 2 0
305  310 315
W avelength [nm]
320
Figure 3-10 Ratio for Ozone discrimination for 6 - 9 9  DU of S 0 2 (w.r.t. Tropical Atmosphere)
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From the previous figure, it can be seen how the characteristic spectral signature 
appears for all concentrations o f SO2 this, regardless o f any difference in profile or 
concentration. All variations o f O3 show a smoother behaviour and broader features 
than those o f SO2. Therefore, there is a need for higher spectral resolution for 
discrimination o f this volcanic gas from O3. Furthermore, adequate radiometric 
resolution is also needed and a fine spatial resolution would enable fine scale ozone 
structures to be observed such as filaments. For atmospheres with scaled total contents 
o f ozone with the same vertical profiles, the variations in the absolute spectral 
radiances might appear similar to those due to SO2 (Figure 3-11).
g i  1 1 " 1 " " - i —— 1 1 1 |  i t  — r —■ | ' 1 ,■ 1 ( |  a 1 j ......... r  11 1
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Figure 3-11 Radiative Transfer Simulations for S 0 2 Contaminated Atmospheres under 3
Different 0 3 Conditions.
In Figure 3-11, three groups o f radiances with ozone total column content (277 DU, 
324 DU, 374 DU); each group has been ‘contam inated’ with 10 different SO2 content 
ranging from 2 to 30 DU. It can be seen that the natural variation in total column o f 
ozone causes changes in radiance which can mask any change due to SO2. Therefore, 
whilst the presence o f SO2 is detectable by analysis o f  the fine spectral feature o f its 
absorption bands; to determine the amount o f SO2 requires that the O 3 total column is 
known. Therefore, the instmment must be able to determine total ozone column 
independently o f  total column SO2 and use this information in the SO2 retrieval 
algorithm.
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3.5 Satellite Instruments
Ultraviolet remote sensing o f volcanic clouds began with the discovery that sulphur 
dioxide in the 1982 El Chichon eruption cloud could be mapped with TOMS [20]. 
This happened because the bands used for ozone detection in TOMS are similar to the 
absorption bands o f SO2 in the UV. Since then, TOMS has proved to be a reliable 
source o f SO2 and volcanic aerosol information for large eruption events such as Mt. 
Pinatubo in 1991 [70]; some low-explosivity but high-sulphur injections as in 
Nyamuragira in 1982, [71]; and even some non-volcanic events such as the fire in an 
Iraqi sulphur plant [72]. This, despite the fact that the spectral bands used were not 
specifically designed for that purpose. TOMS instruments have been by far the most 
prolific because o f their ability to make contiguous daytime global maps each day; 
and theirs 15-year continuous record o f operation [9].
Similar observations have been made with several instruments since then. These 
include: the solar backscatter ultraviolet (SBUV/2) instrument on NOAA 9 and 11; 
the Microwave Limb Sounder (MLS) on the Upper Atmosphere Research Satellite 
(UARS) [9]. Recently observations with GOME on board European Remote Sensing 
Satellite 2 (ERS-2), the SCIAMACHY on ENVISAT-1, have shown higher 
sensitivities than TOMS for detecting SO2 , sometimes detecting eruptions not known 
from ground observations [57]. Some instruments used in detection o f volcanic SO2 
are included here:
Table 3-5. Space-borne instruments capable of detecting SQ2 clouds in UV [541
Instrument Satellite Data coverage 
dates
Spectral
Region Features
GOME 1 ERS-2 April 1 9 9 5 -  Present UV
960-km swath not contiguous daily
global coverage
40x320 km ground resolution
EP TOMS Earth Probe July 1 9 9 6 -  Present UV
Contiguous daily global coverage 
39 x 39 ground resolution
SCIAMACHY ENVISAT-1 Mid 2002 -  Present UV
960-km swath
Not contiguous daily coverage 
25 x 240 km ground resolution
OMI EOS Aura 2 0 0 4 -Present UV
Contiguous daily global coverage 
13 x 24 km ground resolution
GOME II EUMETSAT MetOp 1,2,3 2 0 0 5 -2 0 2 0 UV
960-km swath not contiguous daily 
global coverage 80 x 40 km
ODUS GCOM-A1 2 0 0 7 - ? UV Non sun-synchronous orbit 20 x 20 km ground resolution
OMPS NPOESS 2008 -  2020 UV Contiguous daily global coverage 50 x 50 km ground resolution
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3.5.1 TOMS
The Total Ozone Mapping Spectrometer (TOMS) instrument was developed in 1978 
for the Nimbus-7 satellite and it was in operation until April 1993. The Russian 
Meteor-3 satellite (1991-1994) and the Japanese ADEOS satellite (1996-1997) had 
similar instruments on-board. The current orbiting instrument is the Earth Probe 
TOMS (1996-to present) with bands located at 308.6, 313.5, 317.5, 322.3, 331.2 and 
360.4 nm. Initial versions o f TOMS (except the short-lived ADEOS) included 380 
and 340 nm bands but these were eliminated in favour o f the new 308.6 and 322.3 nm 
bands that were chosen for relative insensitivity to calibration errors and improved 
retrievals at high latitudes [73].
The TOMS is by far the instrument most widely used for detecting volcanic clouds 
despite the fact that it was not specifically designed for this purpose. Detection o f  
sulphur dioxide (SO2) is possible because it has absorption bands in the same UV 
bands as ozone (O3). This was discovered after the El Chichon eruption in 1982 when 
it was discovered that it was SO2 and not O3 the responsible for causing extreme 
absorption in the UV spectrum. Ever since then and for over 25 years, algorithms 
have been developed for TOMS to measure, discriminate and retrieve SO2 total 
masses and to monitor volcanic aerosols and ashes. It has even been applied to pre- 
Chichon datasets when other eruptions were identified.
This instrument is used as a benchmark and reference for others. In the next chapter, 
this instrument will be used for vicarious radiometric calibration and then comparison 
o f ozone products with OMAD a micro-satellite instrument flown on the FASat-Bravo 
spacecraft in 1998 [11]. In spite o f their differences, their observation o f the eruption 
o f Nyamuragira volcano shows agreement in qualitative terms. Unfortunately, 
because o f their different spectral resolution it is not possible to quantify or estimate 
the emissions from OMAD. This precedent however sets a goal to achieve for this 
research: if  the spectral and radiometric resolution and calibration o f TOMS can be 
matched with a miniaturised instrument, then volcanic monitoring applications are 
possible.
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A complete record o f all eruptions detected and tracked by TOMS has been compiled 
by the Joint Center for Earth Systems Technology at the University o f  M aryland 
Baltimore County (UMBC) and NAA Goddard Space Flight Center. Their volcanic 
emission website is dedicated to detect, track and measure volcanic eruption plumes 
from space using TOMS and OMI. Some o f the largest eruptions detected from Arc 
volcanoes (those in subduction zones) and Non-arc volcanoes (hot-spots within 
tectonic plates) are shown below:
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Figure 3-12 TOMS record of volcanic emissions
The algorithms used by TOMS for volcanic m onitoring are mature and the products 
are often referred to in the literature as benchmarks even though more recent 
instruments have a higher sensitivity. Thus, TOMS has proved to be ideal for large 
eruptions, but it cannot capture all eruptions; in particular it has not been able to 
record numerous low-level or non-explosive eruptions [74]. This limitation is partly a 
consequence o f  its rather large pixel size. However, EP TOMS with its initial orbit o f  
500-km producing a nadir pixel size o f 24 km resulted in the first detection from 
space o f a non-eruptive SO2 event [1]. This initial orbit was changed to a higher orbit 
after the failure o f ADEOS. This clearly indicates that non-explosive eruptions could 
be detected if  a proper ground sample distance is considered. Given the success o f  the 
TOMS missions, one further instrument named QuikTOMS was planned to continue 
with the ozone monitoring legacy. Unfortunately, this mission was lost, due to the 
failure o f the commercial launch vehicle in September 2001.
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TOMS uses a grating spectrophotometer to measure the reflectance o f the atmosphere 
in six pre-selected wavelength bands ( 1-nm broad) that were chosen to make accurate 
measurements o f total ozone. It uses a depolariser for its measurements and it is 
calibrated using two lamps for radiometric and wavelength calibration. A cross track 
scanner produces contiguous, daily global total ozone maps with horizontal spatial 
resolution o f  50 km at nadir. The TOMS Optical Layout is shown below:
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Figure 3-13 TOMS Optical Layout
As with any other solar UV instrument, the main disadvantage o f  TOMS is the 
inherent limitation to making observations in daylight. Another common disadvantage 
is the errors caused in retrieval if  ash is present; the retrieval overestimates sulphur 
dioxide by 15-25% depending on the particle size and composition [22]. However, the 
UV method is more robust and can discriminate better volcanic clouds regardless o f 
the background reflectivity (which is almost constant for any surface) unlike the 
background temperature dependence in IR methods.
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3.5.2 GOME
The GOME instrument on ERS-2 is a nadir-scanning double monochromator covering 
the 237- to 794-nm wavelength range at spectral resolution o f  0.17-0.33 nm. The 
spectrum is split into four spectral channels, each recorded quasi-simultaneously by a 
1024-pixel Reticon photodiode array [75]. The direct successor o f this instrument is 
GOME-2, one o f the new-generation European instruments carried on M etOp and will 
continue the long-term monitoring o f  atmospheric ozone started by GOME on ERS-2 
and SCIAMACHY on Envisat. The complexity o f such an optical layout is shown 
below:
SU N  D IF FU S E S
C A L IB R A T IO N
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C A IIB R A T IO NLAMP
C R A T IN G  # 7  
C R A T IN G  *  I
C H A N N E L  # 2  
C H A N N E L  # 1
ELECTRONIC
BOX
Figure 3-14 GOME Optical Layout [75]
One o f the most important implications o f  splitting the UV region into two sub­
channels is the combination for SO2 retrieval algorithms. The overlap between the 
channels occurs in a critical region where radiance values increase dramatically. The 
split o f  these two channels is an attempt to reduce stray light; unfortunately it is this 
particular spectral region where clear SO2 absorption features are observed. Thus, the 
split effectively brings extra complexity in the use o f this region for calibration and 
retrieval algorithms.
To retrieve the total column information o f SO2, GOM E uses channels 1 and 2 (237 -  
314 nm, 311 -  405 nm respectively); both with a spectral resolution o f  0.2 nm. The 
integration time o f a channel 2 spectrum is 1.5 s which leads to an observed area o f  
320 x 40 km, whereas the channel 1A integration time o f  12 s yields about 960 x 100
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km. GOM E-2 observes four times smaller ground pixels (80 km x 40 km) than 
GOME on ERS-2 and has better polarisation and the calibration processes have been 
improved. For both (GOME, GOM E-2) instruments the stray light source problem 
due to the large dynamic range is addressed in the same way (Figure 3-15).
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Figure 3-15 GOME spectral readout example of overlap between UV channels [76].
The spectral split o f  the UV region is a common issue that also causes differences in 
ground sample distance as a result o f  using different integration times for each 
channel.
Using Differential Optical Absorption Spectroscopy (DOAS), the data from the 
GOME, allows a much more sensitive retrieval for atmospheric SO2. Thus, SO2 from 
volcanic eruptions, continuous out gassing and anthropogenic emissions can be 
monitored [77]. The great sensitivity o f GOME is its main advantage and has allowed 
the first detection o f industrial SO2 from space [46]. Although the ultimate products 
are often referred in terms o f  vertical column; the importance o f  obtaining 
observations regardless o f the final products is that as a first approximation the 
measured SCD can be considered a good proxy for the SO2 VCD. A 7-year mean 
maps o f GOME SO2 SCD from 1996 to 2002 is shown in Figure 3-16 [51].
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Figure 3-16 GOME averaged S 0 2 1996-2002 (0.5 deg lat/lon grid) [51] 
Unfortunately due to the permanent failure o f the tape recorder o f ERS-2 on June 25, 
2003 the data coverage o f GOME was limited to the north hemispheric receiving 
stations o f ESA at: Kiruna, M aspalomas, Gatineau, and Prince Albert. This limited 
coverage o f the low bit rate transmission to a region within the North Polar Region, 
Europe, North America, and the North Atlantic sector as indicated in the figure below:
http://iup.phvsik.uni-bremen.de/gome/taperecorder.htm 
Figure 3-17 GOME coverage after tape recorder failure
As a consequence, from June 2003 and until the launch o f  OMI in July 2004 all 
volcanoes in Mexico, Central and South America amongst other regions in the 
southern hemisphere were not monitored in the UV with such a high sensitivity. 
Anthropogenic emissions were equally affected by the lack o f  observations except for 
the irregular coverage o f SCIAMACHY. The impact o f the lost o f coverage is clearly 
shown in Figure 3-17.
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3.5.3 SCIAMACHY
SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric 
CHartographY) is a spectrometer designed to measure sunlight, transmitted, reflected 
and scattered by the Earth atmosphere or surface in the UV, visible and near infrared 
wavelength region (240 nm - 2380 nm) at moderate spectral resolution (0.2 nm — 1.5 
nm); the spatial resolution is 30 x 120 km at nadir. One particular advantage o f this 
instrument is that upwelling radiance is observed in different viewing geometries.
SCIAMACHY achieves global coverage after six days combining the limb and nadir 
observations, and has observed eruptions that are in qualitative agreement with 
GOME measurements. However, values for SCIAMACHY are generally higher due 
to its smaller ground pixel size. It has also detected anthropogenic SO2 emissions in 
the region around Beijing, China and in the northeast o f the United States. Its main 
advantage is the greater spatial resolution, however the disadvantage o f 
SCIAMACHY is the gaps between the nadir states used for the limb measurements 
[78], this is clearly observed in figure below:
S 0 2  slant column [DU]
SCIAMACHY -  BIRA-IASB/ESA 7 October 2006
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Figure 3-18 SCIAMACHY S 0 2 slant column from PROMOTE [2]
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sub-solar port
telescope
The complexity o f  this instrument is similar o f that o f  GOME. SCIAMACHY has an 
additional mirror used to change the geometry o f observations (Figure 3-19).
channel 1
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spectral calibration 
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diffuser
predisperser prism
mirror
gratings
channel separator
nadir/elevation mirror
azimuth mirror
http://www.sron.nl/www/code/eos/sciamachv/sciamachy instrument.html 
Figure 3-19 SCIAMACHY Optical Layout
SCIAMACHY has three different viewing geometries: nadir, limb, and Sun/M oon 
occultations which yield total column values as well as distribution profiles in the 
stratosphere and (in some cases) the troposphere for trace gases and aerosols. 
Therefore, if  an instrument is compact and light enough to be duplicated for the other 
observation geometry; then the disadvantage o f gaps in the coverage can be 
eliminated and additional vertical information can be derived from the algorithms
3.5.4 OMI
The Ozone M apping Instrument (OMI) is a nadir viewing imaging spectrograph flown 
on N A SA ’s Aura M ission launched in July 2004. It is designed to offer several 
improvements over TOMS and it will reduce the detection limits o f this instrument by 
an order o f magnitude by allowing the detection and tracking o f nearly all volcanic 
eruptions thanks to the measurement o f 74 wavelengths compared with 6 on TOMS at 
reduced radiometric noise levels [54]. Data produced by OMI will continue the long­
term global ozone record produced by TOMS over the past 25 years [2]. OMI has 2 
sub-channels in the UV (Channel 1: 270 -310 nm and Channel 2: 310 -365 nm) with 
spectral resolution o f 0.42 and 0.45 nm respectively, and a channel in the visible range
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(365-500 nm) with a spectral resolution o f 0.63 nm. Parallel wavelength sampling 
with OMI produces a greater signal to noise ratio than the serial sampling o f TOMS. 
In addition, it has a smaller (13x24 km) footprint area allowing detection o f smaller 
eruption clouds, and it will also offer a special 13x13 km mode for occasional use. 
This resolution will permit daily monitoring o f  tropospheric volcanic plumes, tracking 
o f  even smaller SO2 clouds, and potentially, passive out gassing signals. The pixel- 
size in the swath-direction increases slowly from 13 km x 24 km (exact nadir 
position) to about 13 km x about 150 km for the global mode at the outer most swath- 
angle (57°) [28] . The 114° viewing angle o f the telescope corresponds to a 2600 km 
wide swath on the surface, which enables measurements with a daily global coverage. 
However, even with daily coverage, the number o f observations needed to study 
volcanic clouds will be insufficient (Cam  2004, personal communication). Thus, 
additional observations would be beneficial.
Ootid
http://www.knmi.nl/omi/research/instmment/optic.html 
Figure 3-20 OMI Optical Layout
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The system pupil stop has dimensions 7.6 mm in the swath dimension and 5.6 mm 
perpendicular to the swath dimension. The instrument has an F-number o f F/15 in the 
flight direction and F / l l  in the swath direction. The focal length o f  the telescope in 
the nadir direction is 21.73 mm. The telescope system itself has an F-number o f  F/1.5, 
F/3.2, and F/5.0 for the UV1, UV2, and VIS channels, respectively [79].
One disadvantage o f such a complicated optical system is the polarisation 
dependence, requiring a polarisation scrambler which in turn reduces the overall 
transmission efficiency. The grating used in UV channels performs differently 
according to the polarisation o f the incoming radiation therefore the need for a 
scrambler. For this research a grating with similar performance on both polarisations 
will be considered to avoid the use o f a polarisation scrambler.
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Figure 3-21 Polarisation dependency of UV channels on OMI [79]
Despite the few disadvantages o f OMI such as the splitting o f the UV channel, 
polarisation dependency, ground sample distance and sensitivity degradation; it 
remains a state-of-the-art instrument capable o f the most detailed observations o f  
volcanic activity today.
3.5.5 TROPOMI and TROPI
TROPOMI (Tropospheric Ozone-Monitoring Instrument) is a five-channel UV-VIS- 
NIR-SW IR non-scanning nadir viewing imaging spectrometer that combines a wide
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swath (114°) with high spatial resolution (10 km x 10 km). TROPOMI has even 
smaller ground pixels than OMI-Aura but still exceeds OMI’s signal-to-noise 
performance. These improvements raise the possibility to retrieving data on 
tropospheric trace gases.
The TROPOMI is a dutch instrument concept that has recently secured funding to 
provide highly accurate global daily measurements o f our atmospheres a part o f the 
European initiative Global Monitoring for Environment and Security (GMES) 
TROPOMI will observe the UV-visible wavelength region (270-490 nm), The wide 
swath angle, in combination with the drifting orbit, allows measuring a location up to 
5 times a day at 1.5-hour intervals. The spectral resolution is about 0.45 nm for UV- 
VIS-NIR [80].
The TROPI instrument is similar to the complete TROPOMI instrument (UV-VIS- 
NIR-SWIR) and is proposed for the CAMEO initiative, as described for the U.S. 
National Research Council Decadal Study on Earth Science and Applications from 
Space. CAMEO also uses a non-synchronous drifting orbit, but at a higher altitude 
(around 1500 km). The TROPI instrument design is a modification o f the TROPOMI 
design to achieve identical coverage and ground pixel sizes from a higher altitude 
[81].
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4. Micro-satellites for Atmospheric Monitoring
Monitoring the atmosphere in the UV from space has been almost exclusively carried out 
by large platforms. In the visible spectrum, constellations o f small satellites have proven 
to be a success for disaster monitoring and earth observation applications using multi- 
spectral capabilities [82]. Hyper spectral capabilities have also been applied in the visible 
and Near Infrared from 400-1050 nm in land and ocean applications from Compact High 
Resolution Imaging Spectrometer (CHRIS) on-board a small satellite (PROBA) [83, 84].
In the Thermal Infrared (TIR) range, there have been recent proposals on the use o f un­
cooled technologies to enable microsatellites with TIR capabilities for hot spot detection 
applications [85, 8 6 ]. A successful example o f the use o f microsatellites for such 
applications is BIRD (Bi-spectral Infra-Red Detection), a small satellite mission o f the 
German Aerospace Centre which was successfully launched in October 2001. BIRD has 
monitored high temperature events such as forest fires and volcanic activities [87]. In 
addition, diagnostics o f vegetation and the discrimination o f smoke and water vapour are 
also possible [8 8 ].
In the literature, relatively few proposals and examples o f the efficacy o f micro-satellite 
instrumentation using the UV range o f the solar spectrum have been reported. The 
Citizen Explorer Mission-I (CX-1), is an ozone based educational project based on a 
spectrophotometer using a linear photodiode array o f 35-elements measuring 16 bands 
from 280 nm to 350 nm [89]. This project was conceived at the University o f Colorado, 
Boulder, USA and was set for launch on 10 Dec 2004. However, there are no further 
reports on the results o f this mission.
The last known two successful experiments o f microsatellites in UV atmospheric 
monitoring are given by: the Ozone Meter-2 on TechSat/Gurwin-II from the Asher Space 
Research Institute (ASRI) in Israel [90]. The other is the Ozone Layer Monitoring 
Experiment (OLME) on FA-Sat/Bravo developed by the Chilean Air Force and Surrey 
Satellite Technology Limited (SSTL) at the University o f Surrey [11]. Both were 
launched in 1998.
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As part o f this research, the author developed and improved over the initial retrieval 
algorithms o f the Ozone Mapping Detector (OMAD) one o f the instruments o f OLME. 
The findings and results o f this author during the development o f these algorithms will be 
given in the next section and are referenced in [91, 92]. The experience gained in this task 
greatly contributed to the research work by this author and are also referenced in [38, 93].
4.1 Ozone Meter-2 (OM-2) on TechSat/Gurwin-ll
The TechSat/Gurwin-II satellite is o f cubic shape with a size o f 445 mm x 445 mm x 445 
mm. The platform is three-axis stabilized, using a momentum wheel and three 
magnetorquers as actuators, and a three-axis magnetometer as own attitude sensor. All 
attitude instruments have a total power consumption o f about 3 W. The power 
consumption for all housekeeping functions is less than 10 W (including transmitters, 
receivers, on-board computer, and power conditioning. The spacecraft mass is 48 kg, the 
total payload mass is 6 . 6  kg, power available is 20 W [90]. It was launched on July 10, 
1998 from Baikonur launch pad by Zenith launch vehicle, as a piggyback onboard the 
Russian Resource-01 No.4 spacecraft. Besides TechSat, four more microsatellites were 
put in orbit by the same mother-spacecraft, viz.: Safir 2 (Germany-Belgium); Westpac 
(Australia); Fasat-Bravo (Chile-Great Britain); TMSat (Thailand-Great Britain).
The OM-2 (Ozone Meter-2) is a UV filter photometer with a total mass o f 1.80 kg 
(optical head o f 1.55 kg and the microcontroller o f 0.25 kg). The instrument observes the 
SBUV (Solar Backscattered UV) radiance at nadir measuring in the spectral range o f 252 
- 340 nm. A summary o f OM-2 specifications is given in the table below:
Table 4-1 OM-2 Specifications [94]
Spectral region 252 - 340 nm
Number o f spectral bands 7 fixed wavelengths with 1.0 nm bandwidth located 
at: 252.0, 273.5, 283.0, 292.2, 301.9, 320.0, 340.0 nm
Swath width 170 km
Spatial resolution (IFOV) 
vertical resolution
170 km x 70 km, 5 km
Precision o f ozone 
density profile 
determination
10-15%
Instrument mass, power 1.80 kg, 3 W
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The optical sensor head consists o f the following subsystems: a single lens objective, a 
filter wheel, a set o f apertures, a baffle, and a photomultiplier detector (Rubidium 
Telluride, 26 mm in diameter). The m ounted objective has an aperture o f 10 cm in 
diameter and an effective focal length o f 80 mm. OM-2 conducts sequential 
measurements o f SBUV radiation in seven wavelengths (with 1 nm width), the sampling 
time is 30 ms. A total measurement sequence lasts 5 s. The total footprint size is 70 km 
(along-track) x 170 km (cross-track); the corresponding FOV is 3° x 12°. The data 
volume o f one day o f contiguous measurements is about 50 Kbytes after data 
compression.
A number o f OM-2 ozone data sets had been compared with measurements performed by 
well-known satellite instruments SBUV and TOMS. Comparison o f  the OM-2 data with 
results obtained by these instruments shows, that this technique can detect large 
variations o f ozone over a broad range o f atmospheric conditions with errors ranging 
from 11-15% (Figure 4-1) [95].
480 
430 
380 
330 
280 
230 
180
Figure 4-1 Total ozone distribution by OM-2 in Dobson Units (DU) 
http://asri.technion.ac.il/techsat/
The spectral resolution o f this instrument matches the Total Ozone M apping 
Spectrometer (TOMS) described in detail in Chapter 5. However no single band o f  OM-2 
has its exact match in TOMS, which is a disadvantage for applying the same algorithms 
and precludes a direct comparison. Furthermore, the optical design o f  this instrument 
using a filter wheel implies that measurements at different wavelengths are not made 
simultaneously. Because o f the normal conditions for low radiances on the shortest 
wavelengths and the low optical transmission o f  the narrow filters; the use o f  a 
photomultiplier is necessary with direct implications in power consumption.
•• 0  \ \ \
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4.2 Ozone Layer Monitoring Experiment (OLME) on FASat Bravo
The Ozone Layer Monitoring Experiment (OLME) on-board the 50 kg FA-SAT bravo 
microsatellite was launched in July 1998 into an 820 km altitude, sun-synchronous orbit. 
The aim o f this experiment was to study ozone concentrations in the Antarctic region 
with special attention to the Chilean territory and comprised two low-cost instruments: 
the Ozone Ultraviolet Backscatter Imagers (OUBI) using a UV-coated CCD and the 
Ozone Mapping Detector (OMAD) based on silicon photodiodes.
OMAD is a 4-channel radiometer with 10-nm resolution bands at 289, 313, 334 and 380 
nm (Table 4-3), working continuously with a Field o f View (FOV) o f 11° x 11° 
providing a ground resolution o f 150 x 150 km. It uses a single fused silica lens AR 
coated on all four channels with focal length 12.5 mm and F-number 1.1. A silicon PIN 
diode detector for each channel, with sensitive area o f 2.4 mm x 2.4 mm provides 12-bit 
resolution drawing only 500 mW when in operation [11].
OUBI has the same dimensions and optics as OMAD with only two channels at 313nm 
and 380nm using two Charged Couple Devices (CCD) which are dye-coated to increase 
their UV response. This UV camera system produces two images at different 
wavelengths at high spatial resolution from where binned clusters can provide ozone 
retrievals at 4 km x 4 km. However, continuous operation capabilities are not possible for 
this instrument due to spacecraft memory storage, communications and power 
limitations. Each camera has a mass o f 600 grams. The baseline power consumption o f  
the microcontroller circuit is 225 mW (45 mA at 5 V), peaking at 5.6 Watts (400 mA at 
14 V) for the few seconds during image capture [96].
Table 4-2 Comparison of the two instruments comprising OLME [11]
OUBI OMAD
Number of channels 2 radiometric 4 linear radiometric
Optical band 380 and 313 nm 380, 334,313 and 289 nm
Filter bandwidth 10 nmper channel 10 nmper channel
Field of view 27° x 37° l l° x  11°
Ground resolution 4 km x 4 km 150 kmx 150 km
Coverage area 580 km x 400 km 150 kmx 150 km
Lens 12.5 mm 171.1 AR coated fused silica bi-convex (x2) 12.5 mm £71.1 AR coated 
fused silica bi-convex (x4)
Sensor UV-enhanced dye-coated CCD 
EEV CCD02-06-1-057
UV photodiode
Sensor size 8.5 mm x 6.3 mm 2.4 mm x 2.4 mm
Output 576 x 385 pixels (8-bit resolution) 0-5 V (12-bit resolution)
Quantum efficiency/ 
max. Sensitivity
13% at 380 nm and 12% at 313 nm 1.3 x 101U V/W at289nm
Payload size 130 x 90 x 57.5 mm (x2) 130x90x57.5 mm
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OMAD was chosen in this research to evaluate the utility o f  micro-satellite 
instrumentation for atmospheric monitoring applications. The reasons for choosing this 
particular instrument are mainly: the additional wavelength channels to compare against 
simulated radiances from radiative transfer model (MODTRAN); the wavelength 
correspondence (with different bandwidth though) to equivalent TOMS channels for 
comparison purposes; and the continuous operation providing with almost 4 months o f 
almost uninterrupted data.
Figure 4-2 Ozone Mapping Detector (OMAD) [11]
M oreover, OMAD also provided a valuable example in instrument design in spite o f  its 
apparent simplicity (Figure 4-2). The low signal (radiance) levels in the Earth’s 
Backscattered UV, impose stringent performance requirements on the optical and 
electronics systems. The large signal amplification required to cope with this also imply 
keeping the measurement noise level to the minimum which is not an easy task either. 
OMAD uses low F-number optics, band pass filters and a silicon detector coupled with a 
high gain trans-impedance amplifier with individual amplifiers on each channel. Table 
4-3 summarises the technical details on the electro-optical systems.
Table 4-3 OMAD Channel Specifications [11]
Channel
[nm]
Gain
[VA1]
Responsivity
[AW 1]
Lens 
Transmission 
Factor [%]
Total
Nominal
Transmission
factors
Transmission 
at Centre 
Wavelength 
[%]
Measured 
Bandwidth [nm]
289 1.00E+10 0.13 0.9 0.422 0.141 9.5
313 4.13E+07 0.14 0.91 0.734 0.305 9.4
334 5.40E+06 0.15 0.93 0.719 0.71 10.3
380 4.13E+07 0.18 0.93 0.147 0.48 10
The raw data from this instrument was calibrated and processed during this research to 
obtain reflectivity and total ozone measurements globally. The methodology, findings 
and results are given in the next section.
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4.3 OMAD Analysis vs. TOMS
Given the nature o f this research in its attempt to develop new UV instrumentation for 
atmospheric monitoring and having a reasonable amount o f OMAD data; it was 
reasonable to use this instrument and its data as a reference. Some o f the important 
aspects to analyse were: the methodology to compare OMAD with other instruments; the 
agreement between the calculated radiances and the measurements given the instrument 
model and its calibration. Also, an evaluation o f the retrieval methods and derived final 
products o f reflectivity and total ozone was deemed necessary; and ultimately, if  OMAD 
observed any volcanic activity in its lifetime. TOMS-EP was chosen for comparison 
because o f its capabilities in monitoring O3 and record in detecting SO2 emissions related 
to volcanic activity, and for being a benchmark for future SO2 and aerosol retrievals [74].
4.3.1 Methodology
Data comparison between these two instruments is difficult because o f their differing 
spectral sampling. Furthermore, the different viewing geometry related to their respective 
orbital planes means and the fact that OMAD is nadir viewing only, whereas TOMS uses 
a mirror to scan a wide swath width. This implies a wide range o f ground sampled areas 
and air mass factors associated with TOMS’ off-nadir observations compared to OMAD. 
A particular region was chosen to start analysing OMAD data. After an initial screening 
of OMAD overpasses on volcanic clouds detected by TOMS, only Nyamuragira volcano 
provided a few coincidences; from those the overpass on 19th October 1998 was selected 
because o f its high emission o f SO2 absorbing in the OMAD 3 13-nm channel.
4.3.2 The Nyamuragira eruption
The Nyamuragira volcano in the Dem. Rep. o f Congo is one o f the most active African 
volcanoes (3,058 m ASL, 1.40° Lat-N, 29.20° Long-E). It has a record o f 12 eruptions 
detected by TOMS from 1980-2001 accounting for 26.5 % o f all observed clouds by this
tViinstrument [54]. On 17 October 1998 it began its eruptive activities but it was not 
detected by TOMS until the next day when the plume had extended to -700  km SW from 
the volcano, covering an area o f 300,000 km2 [97]. The eruption cloud was still observed 
by TOMS almost two weeks after it started. It provided an excellent opportunity for 
OMAD to observe its emissions due to the extensive nature o f the plume. As an example 
the volcanic eruption o f Nyamuragira on 19 October 1998 is shown on the right o f Figure
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4-3; three plume trajectories were simulated for two days after the eruption at different 
layers at 3000, 5000 and 7000 metres ASL.
NOAAHYSPLIT MODEL 
Forward trajectories starting at 00 UTC 19 Oct 98
CDC1 Meteorological Data
Iterative S02 
TTH PROBE TOMS 
MSA / GSFC
12 00 12 00 12 00
 10'20  10*21 10/22
Job  ID: 378700 Job  Start: Wed Oct 24 14:03:20 GMT 2007 
Source 1 lat: -1.41 lon.:29.2 hgts: 3000, 5000, 7000 m AGL
Trajectory Direction: Forward Duration: 72 hrs Meteo Data: reanalysis 
Vertical Motion Calculation Method: Model Vertical Velocity
Produced with HYSPUT from the NOAA ARL Website (http:.ywvw.arl-noaa.gov.Teady/t
g jrniJT TThP  rtf
20 30
Figure 4-3 Volcanic plume simulated trajectories for different heights using HYSPLIT [98]
The trajectories were calculated using N O A A ’s Hybrid Single-Particle Lagrangian 
Integrated Trajectory M odel (HYSPLIT) [98]. This model was used as a reference for the 
days following the start o f  volcanic activity; a TOMS-EP map o f  the estimated SO2 
content is shown on the right for the 19th Oct 1998. Because the SO2 product is obtained 
offline, the O3 product indicates the eruption as an ozone anomaly.
Interpolated CL from TOMS v.8 
day: 19 month: 10 year: 1998
Figure 4-4
380  
360  O’
3 4 0  E,
3 2 0  — - 
300
<0
280  o 
260  H 
240
Eruption, 19-Oct-98)
Longitude
Interpolated 0 3  from TOMS v.8.0 (Nyamuragira
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In the geo-referenced Figure 4-4 we can observe the Ozone total column values and the 
apparently unusual high content peak (-360  DU) created by the Nyam uragira’s drifting 
cloud. The corresponding OMAD orbital tracks for that day are projected on the ground 
as squares. The extracted values o f  TOMS o f those tracks will allow various 
comparisons once the OMAD data is calibrated and validated even if  these are made 
vicariously. TOMS Level-2 data is necessary to extract total ozone content and other 
useful parameters such as: N-value, algorithm residuals, SO2, reflectivity at 334nm and at 
360nm, amongst others.
Radiometric considerations
TOMS-EP has 6  different channels o f 1 nm bandwidth whilst OMAD has a 10 times 
wider spectral bandwidth. This means that integrated radiances observed by these 
instruments will be different. Radiances from TOMS can be derived from the non- 
dimensional N-Values discussed in Section 2.3.3 (Eq. 2-2). These values are included in 
Level-2 o f TOMS v.8.0 data and need to be extracted for the coincident ground tracks 
from OMAD. Figure 4-5 shows the extracted values for all 6  TOMS channels (shorter 
wavelengths from top to bottom and brighter levels with lower N-Values).
180 
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> 120  
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21 22 23 24 25 26 27
L o n g itu d e
Figure 4-5 Extracted N-Values from TOMS L2 
On the other hand, OM AD has only 4 channels, which in the original raw dataset 
correspond to a record as 4 voltage outputs, these will be considered Level-0 in OMAD 
for comparison purposes. Calibration curves are normally used to convert these voltage 
levels into a radiometric quantity. In order to verify this calibration, we started from the 
output o f all four OMAD channels from amplifiers before quantised by the 12-bit 
Analog-to-Digital converter. The data for the same ground tracks over the Nyam uragira 
are shown below given in mV (Figure 4-6)
1 • ■ Nval 0 
» -  «N val 1 
* « o Nval 2  
-—“ Nval 3  
■ *  ciNval 4- 
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Figure 4-6 OMAD channel output voltages [mV]
Even though the scale is different they all qualitatively respond to changes in the 
backscattered radiation. It may be noted that the 334 nm channel is saturated at a 
longitudes (24.5-25.5) close to that o f  the volcanic plume. This only indicates just how 
bright the scene is. The solar UV is backscattered by a high reflectivity cloud which was 
not properly accounted for in the dynamic range calculations. Thus, this high reflectivity 
does not indicate alone that cloud contains SO2 or represents an O3 anomaly. The 
message here is that future microsatellite missions need to properly estimate the expected 
radiances so that the instruments do not saturate with highly reflective clouds.
Spectral considerations
In order to convert these readings into equivalent radiances, the OMAD instrument 
model, its calibration and specifications (Table 4-3) need to be taken into account. In 
addition, a radiative transfer model is needed to account for spectral differences o f these 
two instruments. M ODTRAN, a standard radiative transfer code [23], was used for the 
purpose o f modelling the backscatter radiances under standard tropical atmospheric 
conditions for the scenario under analysis.
4.3.3 Forward Model vs. Measured Radiances
For the best OMAD overpass o f the Nyamuragira eruption plume which occurred on 19th 
October 1998, explicit radiative transfer calculations were made under different ground 
reflectance conditions corresponding to simulated albedos from 0 .1  to 1 .0 .
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Figure 4-7 Normalisation factors of OMAD and TOMS equivalent radiances 
Figure 4-7 shows the derived normalisation factors used to compare OMAD and TOMS. 
Each row represents three o f the four OMAD channels (380, 334, 313 nm respectively), 
the first column shows the derived normalisation factors obtained with M ODTRAN. The
second column on the right shows the TOMS radiances in black and the OMAD 
calculated radiances according to the radiative transfer code. Various albedo conditions 
are evaluated; these are indicated in the colour scale right. The analysis performed allows 
a validation o f OMAD in terms o f radiances based on the atmospheric model and it is the 
first step towards estimating quantitative products.
4.3.4 Reflectivity
M ost algorithms using UV radiation require the knowledge o f the surface reflectance. 
Reflectivity data was derived through vicarious calibration between data from the TOMS 
360 nm channel and the OMAD 380 nm channel. The data is based on the radiometric 
calibration from [38] and interpolated to pixels o f  0.125° longitude x 0.1° latitude, an 
equivalent OMAD pixel o f 150 km x 150 km, therefore covering various original TO M S’
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pixels o f ~50 km x 50 km. The effect o f this interpolation will be reflected in any 
comparison between these datasets besides the different timing o f overpasses.
The reflectivity or albedo is defined as the ratio o f the atmospheric backscattered 
radiance to the extraterrestrial solar irradiance. High values could represent clouds or in 
the case o f the poles, the ice caps. It is important to note that the channel used in OMAD 
for determining the reflectivity is centred around 380-nm with 1 0 -nm spectral bandwidth, 
whilst TOMS has is 1-nm bandwidth channel centred around 360-nm. Despite these 
differences, both show the presence o f high reflectivity areas with similar results. In 
Figure 4-8 we can observe the similarities in the reflectivity values derived from TOMS 
360 nm channel and extracted ground tracks compared to the reflectivity derived from 
OM A D’s 380 nm channel.
TOM 8 Refloctivity
□ ay s 19 M onth 10 Year 98
O 'N
13*S
0  20 4 0  6 0  00 10O
OMAD Reflectivity
Days: 19 M onth' 10 Year 98
0  20  4  0  6 0  80 10O
Figure 4-8 Reflectivity Comparison TOMS interpolated Tracks vs. OMAD.
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A good agreement is obtained between these two instruments. Figure 4-9 shows their 
derived reflectivities for one day, (TOMS in black symbols and OMAD in green). By 
plotting versus TO M S’ reflectivity vs. OMAD we obtain a good linear relation that is 
held for the period OMAD was in operation (A is the ordinate and B is the slope o f the 
linear fit to the scattered data.
Reflectivity Curves 
Days 19 Month' 10 Year 98
Rotlectivity OMAD vs TOMS 
Days 19 Month' 10 Year 98 
Al-0.876749 B:1.04219
-60 -40 -20 0 20 40
Latitude
20 40 60 80
OMAD Refleclivity
Figure 4-9 Reflectivities from OMAD and TOMS
Discrepancies between the two may be explained mostly by their different pixel sizes and 
time o f overpass causing different cloud fractions covering the scene. Finally aerosols 
would introduce another variation but are ignored here. For about 7 months covered in 
the dataset (Sep 1998 -  Apr 1999) with the exception o f the missing data in December, 
the derived reflectivities from TOMS and OMAD were in good agreement. The standard 
errors and correlation o f the reflectivity derived by OMAD compared with the reflectivity 
derived by TOMS are shown below.
O ct Nov D ec Jan  Feb Mar
0 tt HI
0 6
O cl Nov D ec Ja n  F eb  MarI
Figure 4-10 Standard 1-sigma error for reflectivity and its Correlation
This longer-term agreement confirms the potential o f miniaturised instrumentation in a 
basic level. Unfortunately, the time span o f the data readily available comprised less than 
one year; ideally we would like to reprocess all stored data but time constraints during 
this research did not make this possible. Even with this dataset, in order to provide 
information o f scientific utility further analysis needs to be carried out aiming to obtain 
total ozone content.
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4.3.5 Total Ozone from OMAD
The fundamentals o f the algorithm for obtaining concentration o f ozone consist o f 
comparing the backscattered radiation received by the sensor in two spectral bands. The 
shorter wavelengths -3 1 2  nm are greatly affected by ozone concentration thus reducing 
the backscattered radiance whilst the longer ones -331 nm remain unaffected by ozone. 
A logarithmic ratio between these two bands can be used as an indicative o f the gas 
concentration and this was the basis o f the original ozone algorithm implemented by 
OMAD initially. In addition, a third band can be used for determination o f the reflectivity 
o f the observed scene and for that reason a longer wavelength > 360 nm is normally 
chosen. At these longer wavelengths Rayleigh scattering is less severe and ozone is not 
an absorbing gas, thus the radiation at sensor is mostly due to the reflection from the 
surface or clouds if  present. The latter case introduces an error in the determination o f 
ozone because any concentration o f this gas below the cloud will be ‘shadowed’.
The new algorithm obtains empirical factors to derive the total ozone content in the 
vertical column from the un-calibrated slant column. In order to minimise retrieval errors, 
the factors are derived by restricting the reflectance conditions to 2 0 %, thus ignoring 
cloudy scenes. Once the factors are derived these are applied to all cloud conditions 
where we are aware o f the errors in determining the ozone content below clouds due to 
their properties: height and thickness. Tropospheric ozone under the cloud can reach up 
to -2 0  DU according to TOMS v .8  L2 products and [99]. The expected errors after the 
retrieval should be within this error range. The algorithm is applied first to low 
reflectivity (<20 %) scenes representing low or cloud free conditions. As an example, 
Figure 4-11 shows 15 days o f OMAD tracks that meet this condition.
Ground tracks extracted with Cloud Fraction < 2 0 %  (15-29 Oct 1998)
-150 -100 -50
Longitude
Figure 4-11. Ground Pixels with Cloud Fractions < 20 % between 15,h-29,h October 1998.
This section o f OMAD analysis is based on the analysis done by this author. Two directly 
related publications are included in Appendix C; a brief summary is given in this section 
including the algorithm and main results.
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The procedure to retrieve ozone total column content products consists o f four basic steps 
[92]. Firstly, we obtain a slant column amount based on a logarithmic ratio between two 
OMAD channels (334-nm and 313 nm). Secondly the geometrical observing conditions 
are taken into account with the solar zenith angle; this is known as geometrical air mass 
factor and is then subtracted in its logarithmic form from the slant column. Finally the 
empirical factors convert this un-calibrated vertical column into real vertical column 
content. The algorithm works as follows:
OMAD Ozone Algorithm
The un-calibrated slant column amount is derived from the initial simplified algorithm 
based on the estimated radiance from two channels (L334 and L313).
3siant = Log ( L334 / L313) (4-1)
It is then corrected using a Geometrical Air Mass Factor (GAMF) based on the solar 
zenith angle (0 ) given the observing conditions defined as:
GAMF = 1 / cos (0) (4 _2 )
From (4-1) and (4-2), we obtain a representative value o f  the vertical ozone content 
0M AD 03.
OMAD03 = u 03slant - Log(GAMF) (4.3)
In order to obtain the real vertical column content from (4-3) we used an empirical linear 
function based on geographical zones
0 3 vcnical = M Z0„C * OMAD03 + Bzo„  (4-4)
Where, Mzone is the empirical slope factor for given zone
Bzone is the empirical intercept factor for given zone 
These two empirical factors allow us to account for various aspects: the most important is 
due to variations in ozone profiles that normally change with latitude; atmospheric 
profiles o f temperature and pressure also vary with geography and continental/ocean 
masses. Other aspects include: the different spectral resolution o f OMAD, (10 times 
wider than TOMS-EP) and its ground sample area (also 10 times larger than TOMS) and 
the viewing geometry affecting the air mass factor (nadir only vs. across track scan).
Using this algorithm we can produce total column ozone from OMAD which are to a 
great extent comparable with those derived by TOMS. This is shown in Figure 4-12 
where we can see the similarities between these two.
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Figure 4-12 Global total ozone from OMAD and TOMS
As another example o f  the total ozone content using this method we can consider again 
the Nyamuragira eruption given in Figure 4-13. We can observe the ozone content 
derived by TOMS for the coincident ground-tracks in black together with two different 
calibration curves. A simpler calibration previous attempt is shown in green. In blue the 
calibrated curves once the empirical parameters are taken into account. W e can clearly 
see the apparent ozone anomaly reaching -3 8 0  DU (TOMS in black) near the equator due 
to the Nyamuragira eruption cloud. In none o f the OMAD curves this anomaly is as 
discernible and ju st exceeds the tropical background content by ~20 DU; this is because 
the much broader spectral resolution o f OMAD is not suitable for detection o f  SO2.
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Figure 4-13 Calibration curves used in OMAD for Nyamuragira
The aim o f this research is then to make these observations o f SO2 possible from a m icro­
satellite platform.
Ozone Depletion in Austral Spring
In the southern hemisphere during the austral spring (22 Sept - 21 Dec), the maximum 
levels o f Ozone O3 are expected to be lower than normal, and the areas with the lowest 
concentration o f ozone normally increase. This overall reduction in the concentration is 
called Ozone Depletion. Because o f the absorption o f  ultraviolet (UV) radiation due to 
atmospheric Ozone it is possible to observe changes in concentration if  suitable 
wavelengths are chosen. Both OMAD and TOMS have wavelengths which can be used 
for this purpose.
The period under analysis here comprises 56 days and various phases o f the ozone 
depletion in the austral spring o f 1998. M issing data from TOMS and some sporadic and 
uninvestigated errors in OMAD data are the reasons for the incomplete dataset on this 
period. The comparison is based on the OMAD ozone retrieval algorithm described in 
previous section from [92]. Once the reflectivity and the empirical parameters are 
obtained, the calibrated ozone total content in the vertical column (V 03) is obtained.
The largest errors are expected to occur at the lowest latitudes where the oblique solar 
angle, larger scattering path and high reflectivity due to ice caps or high clouds introduce 
a number o f factors affecting the overall result. Furthermore, the wide range o f  ozone 
concentrations from -150 -400  Dobson Units [DU ] 3 at these low latitudes and the 
differences in their profiles also introduce errors.
3 1 DU = 10'3 atmosphere cm -  i.e. 100 DU = 1mm thickness o f gas at standard temperature and pressure.
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As an example the values obtained on November 6 th 1998 are shown in Figure 4-14.
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Figure 4-14 Comparison of Total Ozone Content and errors derived from TOMS and OMAD
The maximum ozone concentration decreases between Novem ber and December when
Latitude vs Rel Error 
Days: 06 Month: 11 Year: 98
-70 -60 -50 -40 -30
Latitude
depletion is at its minimum. The ozone concentrations range from 400-450 DU in 
October (Figure 4-15), 350-400 DU in November and 300-350 DU in early December.
OMAD 0 3  Vertical Colum n [DU] TOMS 0 3  Vertical Colum n [DUI
Days. 19 M onth:}10 Yea> 98  Days: 19 Month.
Figure 4-15 Total ozone depletion from OMAD and TOMS
Errors
The 1-sigma errors obtained for three different days separated by a m onth’s time are 
shown in Figure 4-16. These are relative errors that remain almost constant throughout 
the period under analysis. There is a noteworthy bias in some days in October (Figure 
4-16 Left). We believe this is due to the higher concentrations o f ozone before the 
depletion begins which is somehow overestimated by OMAD systematically because o f 
the empirical method used not accounting for profiles and concentration.
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Figure 4-16 Relative Errors from OMAD vs. TOMS for 3-days separated 1 month each.
The 1-sigma relative errors are mainly a result o f  mismatches in the observed pixels: 
overpass tim ing and cloud fraction; these discrepancies are difficult to quantify. In order 
to find the real performance o f OMAD retrievals the method applied should be restricted 
to a single reflectivity range at the time. However the results obtained here for pixels with 
reflectivities <70 % and are representative o f most o f the conditions encountered thus are 
good indicator o f  the potential o f this method.
During the 56 analysed in the Austral Spring in 1998, the relative bias is only found on 
early days in October and is bounded between ±5%  in most days. The relative 1 -sigma 
error is below 9% for 90% o f the days included and only discarding pixels with 
reflectivity above 70%. Figure 4-17 below shows these errors for the analysed period.
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Figure 4-17 Relative errors in offset and 1-sigma 
Both errors show their lowest during mid-November, unfortunately OM AD raw data 
from the year following has to be reprocessed before we can conclude whether this is a 
systematic error.
In this chapter, we have explored the utility o f  micro-satellite observations. The empirical 
method shown is a much less rigorous approach compared to the retrieval m ethod used 
on larger platforms. However, the author considered worth to be m entioned based on the 
fact that his aim is to develop new miniaturised instrumentation. The more meticulous 
inverse and retrieval methods can be considered in the future.
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This chapter summarises the various aspects that have to be taken into account when 
designing an instrument suitable for a micro-satellite platform. The application 
requirements will impose a number o f stringent specifications which are difficult to 
meet with current technologies. Thus, in order to define the design goals, a 
comparison with existing systems is necessary to identify the ideal capabilities o f  
small satellite instrumentation.
These requirements are identified considering: (1) the spatial and temporal scales o f  
the phenomena, (2) current capabilities o f the remote sensing system, (3) user needs 
identified from a remote sensing survey sent to volcano observatories, and (4) 
ongoing and prior research, including case study simulations with existing sensors.
Once the minimum requirements have been identified the next step is to start the 
instrument design process. Various aspects are involved in this phase and a number of 
trade-offs have to be assessed and translated into realistic potential. The limiting 
factors o f a small platform should be carefully considered for the proposed 
instrumentation to perform effectively providing information o f scientific value.
It is important to mention that the instrument concept presented here is not considered 
to be the primary payload o f a mission. Its conception aims at providing additional 
observations o f scientific value as an additional payload. As a consequence, the 
particular orbit and the overall space mission design and planning are not a critical 
topic for this thesis. Nevertheless, some desirable aspects can be mentioned regarding 
the orbital characteristics; the most important is that the instrument is considered for a 
Low Earth Orbit (LEO) mission.
A low inclination orbit in LEO can provide many observations in the equator at 
different time o f day. This can be useful for monitoring volcanoes in the inter-tropical 
region but it will not be useful for monitoring ozone in the poles. For such 
observations a near-polar orbit (~ 98°) will be suitable.
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Sun-synchronicity o f a highly inclined orbit is also desired for this instrument because 
it will provide a relatively invariant solar zenith angle and slant path length as a result. 
This solar angle will only change seasonally. However, depending on the launch date 
and mission duration the Local Time o f Ascending Node (LTAN) can drift throughout 
the mission life. Thus, minor changes in the orbit inclination (few tenths o f a degree) 
can be considered during a particular date o f launch (sun/moon positions), such that 
the average LTAN of the whole mission life is the time required to maintain the 
desired solar zenith angle.
The orbital height also important for the ground sample distance, and the time to 
repeat the ground track is important for revisit time. These aspects are described in 
detail in the corresponding sections below; the DMC is taken as a good reference for 
the orbital parameters considered for the instrument proposed ( 6 8 6  km altitude at 98° 
inclination Sun-synchronous orbit). Other spacecraft requirements are discussed 
firstly.
5.1 Spacecraft Requirements
Given the harsh space environment and the typical specifications o f a micro-satellite 
platform, there are various aspects that need to be taken into account when designing 
a suitable payload. In this section some o f the most important factors are discussed.
5.1.1 Materials
All materials must be suitable for the low earth orbit space environment. As such any 
materials that outgas or deteriorate in hard vacuum must be excluded from the design; 
this includes any adhesives and optical cements that have not been approved for use in 
vacuum. For the optical payload structure, titanium can be considered as the main 
material for the optics enclosure given its excellent mechanical properties. The 
thermal expansion rate o f titanium is much less than that o f aluminium (almost 3 
times less).
Similar enclosures have been already proven in the construction o f the DMC 
multispectral imager with satisfactory results. Aluminium can be used to house the 
electronics required.
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Optics, detectors and electronics shall have sufficient reliability (radiation hardness) 
for the expected lifetime o f the mission (~5 years). For the optical elements, the 
lowest practical wavelength where optical glasses transmit is about 350 nm -  but only 
for the lower index materials [100]. Below 350 nm the selection o f optimal materials 
is very limited:
• CaF2 (Calcium fluoride) -  transmission range from 0.13 to 10 microns
• BAF2 (Barium fluoride) transmission range from 0.15 to 12 microns
• SiC>2 (Fused silica) -  0.18 to 3 microns -  favourite for UV as it has excellent 
uniformity
Another important factor to consider in the optical glass selection is to avoid those 
that are particularly prone to radiation darkening. Fused silica is essentially radiation 
tolerant and will not contribute significantly to any darkening. Thus, fused silica is the 
best option for the optics o f the proposed instrumentation.
5.1.2 Structure and Volume
With respect volume, mass to power restrictions, details for a microsatellite payload 
can be found on a research done for Earth Observation on on-board low-cost 
microsatellites [96]. The best example o f this approach is the imaging payload o f the 
Disaster Monitoring Constellation (DMC) which is taken to be representative. Given 
the fact that this instrument is not being considered as the main optical payload but 
rather an additional instrument, it is therefore reasonable to compare its dimensions 
with respect to those o f the major payload.
For the main payload o f a DMC spacecraft, the Multi-Spectral Imager (MSI) 
dimensions are: 314 (1) x 257 (w) x 250 (h) mm. On the other hand, previous OMAD 
proportions fit on a micro-satellite nano-tray with dimensions o f 130 x 90 x 57.5 mm. 
It is therefore reasonable to aim for an optical layout to fit in the later smaller 
mechanical assembly.
The mechanical housing provides a robust platform for the lens and detector such that 
their relative separation is maintained during the expected vibration environment. The 
mechanics includes a fixed focus mechanism that allows the separation between the 
lens and detector to be accurately adjusted for best focus. The alignment mechanics is
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robust enough for this alignment to be maintained to acceptable levels during the 
launch environment.
5.1.3 Mass Budget
The total mass for the proposed instrument should be accordingly scaled to the main 
optical payload. In the case o f the DMC imager, it has a mass o f 9.6 kg. This is about 
the weight o f the aluminium shielding for the CCD’s o f OMI (-10 kg) when its total 
launch mass is ~90kg. Thus, although for the defined dimensions weight is not 
expected to be large and still within a reasonable budget; the total mass including the 
electronics should not exceed the 2  kg, including the tray structure.
5.1.4 Power
Because o f the continuous coverage required by the application a low power 
consumption is desired for the electronics o f the proposed instrument. After looking 
different options, and taking into account the inherent power limitations o f a small 
satellite a switched-integrator amplifier integrated with a 16-bit Analog-Digital 
Converter (ADC) was selected as the best option. This is provided by the Texas 
Instruments DDC232. With multiple channel inputs, this solution only requires 7mW 
per channel input. For an area array consisting o f 10 spectral wavelengths and 10 
spatial positions a total o f a 1 0 0  channels are required for the measurement channels 
plus 20 additional reference channels (2 wavelengths x 10 spatial positions). Thus, a 
minimum o f 120 individual inputs are required in total; they would consume -840  
mW using 4 identical integrated circuits. The additional power supply and interface 
electronics required must keep the power consumption well below the 3 W.
Given the previous micro-satellite instruments described in Chapter 4 with OMAD 
consuming just 500 mW and taking into account that other balloon based instruments 
have been considered low mass with 42 kg, and low power 30 W [101]. 
Consequently, this instrument could be potentially adapted for such environment. 
OMI on the other hand requires 15 W just to power heater sub-system. Thus, our 
design goal indicated by the red square attempts to reach the lowest weight and power 
indicated by the arrow in Figure 5-1.
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Figure 5-1 Weight vs. Power for UV instruments
5.1.5 Thermal range
The temperature range that a payload will encounter when in-orbit will depend on the 
spacecraft design, its position within the structure and its orbital parameters. 
Considering a modular micro-satellite structure with an instrument in a nano-tray 
enclosure such as OMAD, the thermal range encountered from its telemetry data is 
shown below:
OMAD Temperature
0
L atitude
Figure 5-2 OMAD thermal range 
The nominal temperature for OMAD is around 14°C ± 4°C. However, the proposed 
design should contemplate a larger operating temperature range between 0-40 °C. 
This nominal temperature ultimately depends on the position and mechanical design 
o f the spacecraft; in this case the same nominal temperature experienced in OM AD or 
the Disaster M onitoring Constellation M ulti Spectral Imager (DMC-MSI) can be 
considered as a starting point. The non-operating and storage temperatures can range 
between -25  °C to +80 °C [102].
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For such temperature range, an athermalised design is desired. However, this is not 
considered at this point but it should be characterised for an engineering model. A 
minimum of three temperature sensors per imager must be considered, one for the 
optics, another at the detectors in the focal plane and a third one on the imager 
electronics.
5.1.6 Mechanical considerations (Vibration)
The mechanical stress due to vibration depends on the mass distribution o f the 
instrument and relative location within the spacecraft. Low and high levels o f  
vibration tests must be performed on the instrument to check for its mechanical 
resistance and its resonances to particular frequencies. Proper characterisation before 
and after the tests will provide information o f the expected mechanical adjustments 
and induced optical shifts on the system. Qualification levels o f at least 12 g o f  
random vibration can be considered as suitable for a micro-satellite platform based on 
[102]; this can be taken as a reference for the UV imager qualification.
5.1.7 Electronics Interface
Interfaces from the UV imagers to data recorders have to be provided for 
communication with the spacecraft bus. In a typical DMC platform which can be 
taken as the state-of-the-art microsatellite, two redundant Intel386-based OBCs (On­
board Computers) are used for onboard data handling [103, 104]. A Telemetry, 
Telecommand and Control (TTC) node operating over a Controller Area Network 
(CAN) are provided in dual mode (primary and redundant) and the data recorder 
interface consists o f Low Voltage Differential Signals (LVDS) outputs. [105].
Detection system and A/D converters
The detection system is based on the switched integrator architecture (DDC232) 
which converts the current input signal from the photodiodes to serial digital data in 
16-bit format [106]. This integrated circuit will require a very stable power source; 
control signals to read from the detector array and a processing stage to measure and 
correct dark current and gain. Furthermore, once the digitised serial data is taken from 
the readout, then it will require additional electronics to convert it into a format in
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correct window frames that can be read and stored by the Solid State Data Recorder 
(SSDR) or High Speed Data Recorder (HSDR). Each imager bank will require an 
Electronics Interface M odule (EIM). The details o f this interface are out o f the scope 
o f this thesis but will be based on the circuit used for evaluation [107]
Data Handling and Communications
Because o f the low bandwidth o f operation, it is possible to record each pixel with at 
least 16 bits resolution at a sampling rate o f ~2 times each second. Then, the data 
generated per pixel is 32 bits/sec. Thus, a total o f 120 pixels (12 spectral channels and 
10 spatial channels) with 8 test pixels for each bank correspond to: 32 bits/s x 128 
pixels = 4096 bits/s or 168.75 Mbit/day. Considering that a typical DMC imager has 
~4 Gbytes, the data recorders can easily handle this amount even if  a substantial 
overhead is added for calibration, telemetry data and data encoding. The following 
figure shows the data chain for a DMC platform.
Low Rato 
Communications
■ " 4 S-Band LR RxO
S-Band LR 
Rx 1
S*Band LR 
TxO
Payload Chain
UV
Spectral Im ager
HSDRUV-IMO ChC
IJV-IMD C h i  
UV-IMO Ch2
SSDR 0
uv
Spectral Im ager
UV-IM1 ChC
SSDR 1UV-IM1 Ch1
UV-IM1 Ch2
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TxO
[ c a n ]
X-Band HR 
Tx 1
Figure 5-3 Proposed data chain for U V  imagers based on a typical microsatellite bus [108]
The typical communication systems for a DMC platform consist of: 20 M bit/s X- 
Band downlink (7.25 to 7.75 GHz) [109], one 8 Mbits/s S-Band secondary transmitter 
(2 to 4 GHz) [110] and one low rate 38.4 Kbit/s for telemetry and telecommand. 
Thus, the total transmission time to download the information o f  one day o f  UV 
spectral data is: -8 .5  sec on X-Band or ~21 sec on S-band without taking into account 
the transmission overhead.
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5.2 Application Requirements
A key factor in making future satellite observations useful for hazard assessment is 
the rapid identification o f new eruptions under a variety o f observational conditions 
such as time o f day, viewing geometry and solar azimuth angle. It is important to note 
that any tool used to detect and track airborne volcanic clouds must, according to 
Simpson [111]:
• Maximise accurate cloud detection
• Minimise false alarms
• Determine the vertical and horizontal extent o f the cloud
• Be as real-time and as automated as possible (minimised human interaction)
• The technique must be unambiguous and well understood.
According to the Disaster Management Support Group for the Committee for Earth 
Observation Satellites (CEOS) for volcanic clouds detection the following satellite 
data, channels and products have been considered useful [55]:
• Ultraviolet (UV) Backscatter and Absorption (300 -  380 nm)
o SO2 concentrations (312.5, 317.5, 331.3, 339.8 nm) [9] 
o Aerosol Index (340 - 380 nm) sensitive to absorbing aerosols: silicate 
ash, acid aerosols, silicate dust, and smoke [8 ]
• SO2 absoiption (7.3 pm) [112]
• Thermal IR mid-wave band (8.5 pm) [113]
• Thermal IR band (11 pm) [114]
• "Split-Window" IR (11 - 12 pm temperature difference) [115]
• Reflectivity and experimental three channel IR products (3.9, 11, 12 pm)
[116]
From all the channels described above, this work only considers instrumentation for 
UV since these bands allow a more robust method than the thermal bands for 
discrimination o f volcanic clouds [1]. Thermal Infrared in the ‘split window’ for ash 
detection is briefly considered for the importance o f comparison with UV methods 
that have been found in the literature [7, 21, 117]. The potential o f small satellite
instruments in this area and for hot spot detection has been discussed by [85, 8 6 ].
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The most important factors in effectively serve the requirements are: the spectral 
range and resolution, the ground sample distance and revisit time amongst others. By 
using optimum UV wavelengths for retrieval o f SO2 used in the Band Residual 
Difference algorithm, the retrieval sensitivity is improved over NASA predecessor 
Total Ozone Mapping Spectrometer (TOMS) by factors o f 10 to 20, depending on 
location [118]. The ground footprint o f OMI is 8  times smaller than TOMS. These 
factors produce two orders o f magnitude improvement in the minimum detectable 
mass o f SO2 . Thus, the diffuse boundaries o f volcanic clouds can be imaged better 
and the clouds can be tracked longer. More significantly, improved sensitivity and 
daily global measurement o f passive volcanic degassing o f SO2 and o f heavy 
anthropogenic SO2 pollution can provide new information on the relative importance 
o f these sources for climate studies.
In terms o f coverage, according to the Smithsonian Global Program on Volcanism 
[97], two thirds o f the volcanoes are in the northern hemisphere and only about one 
fifth between 10°S and the South Pole. The northern hemisphere concentration 
reflects the fact that two-thirds o f the world's land area is also north o f the equator, but 
nevertheless indicates the greater vulnerability o f the northern hemisphere to 
volcanically induced climate change.
Another important element in assessing the potential efficacy o f micro-satellites is the 
retrieval method used. The Band Residual Difference method not only is less 
computationally demanding than the spectral fitting maximum likelihood (ML) 
algorithm, but is also faster and applicable to generation o f OMI SO2 data in a near- 
real time operational scenario (e.g., for volcanic cloud advisories to aviation) [19].
5.2.1 Spatial Resolution
According to Krueger [1] and Cam [54], a spatial resolution like TOMS (-50  km) is 
probably good enough for adequate location for the purposes o f airborne ash warnings 
and is not a critical limitation for major volcanic ash plume detection. However, this 
resolution can be considered coarse compared to the CEOS requirements for the raw 
image data shown below:
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Table 5-1 Spatial Resolution Requirem ents [12, 55,119]
P h e n o m e n o n D a t a T h r e s h o l d O p t i m u m
Ash Cloud IR 5km r  1km
" Visible 1km 0.5km
" Sounder 10km 2 m
S 02 Cloud (Stratospheric) UV 20km 10km
S 02 Cloud (Tropospheric) IR 5km 1km
Currently in the UV, only OMI can provide a resolution in the required threshold (13 
x 24 km). In the IR, the Advanced Spacebome Thermal Emission and Reflection 
Radiometer (ASTER) has a remarkable resolution o f 90m; however, its revisit time is 
every 16 days due to the narrow swath width. Higher spatial resolution allows better 
identification o f  sources and improves the ability to observe between meteorological 
clouds; it also allows a closer observation o f the source o f emission, which is in the 
range o f tens o f  metres to a few kilometres.
A small ground pixel size at nadir is needed, in order to resolve cloud fields and to 
make small eruptive events detectable. Furthermore, the effect o f  sensor resolution on 
the number o f  cloud-free observations from space it is also important for the 
application, this is shown in Figure 5-4.
G lobal 2 0 0 4  TERRA (yearly  o v g )
CtexjrJ 0%; 
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Figure 5-4 Cloud free scenes vs. Pixel size for UV instruments [81, 120]
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For OMI, allowing for 20% cloud-cover as many tropospheric observations are 
obtained within one day as GOME-2 achieves in one month [80]. The aim for a 
miniaturised instrument will be driven by the number o f clear sky observations, 
however because the signal levels are also proportional to the ground sample distance, 
it is not easy to achieve this. A realistic goal is to obtain a comparable number o f  
cloud-free observations as OMI. Thus a pixel size with an area o f -400  km2 is 
required. This goal is observed in red in figure below.
The spatial resolution is mainly defined by the Instantaneous Field o f View (IFOV) of 
the instrument. This angle can be derived from the focal length o f the instrument (f) 
and the pixel width (wj) which is equivalent to the ratio between the orbit height (h) 
and the ground sample distance (xgsd) (Figure 5-5).
Wj
H
I IFOV'
Nadir IFOV
I------ 1
GSD
Figure 5-5 Field of View and Ground Sample Distance 
Thus, we can obtain the ground sample distance from the following equation:
■ = 2 - t o n ) ^  (5-1)
Other factors affecting the spatial resolution are the detector size and sensitivity, 
spacecraft altitude, and integration time. The latter in particular plays an important 
role in the GSD along track (the direction that the spacecraft moves). An optimal 
combination has to be chosen minimising trade-offs and aiming to provide a smaller 
ground resolution than TOMS’s 50 km and comparable to OMI 13 x 24 km GSD.
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Table 5-2 Ground Sample Distances for along and across track directions
D i r e c t i o n
O r b i t a l  H e i g h t  
( h ) 1
I n s t a n t a n e o u s  F i e l d  
o f  V ie w  
(Q ifo v )
G r o u n d  S a m p l e  
D i s t a n c e  
( G S D )
A c r o s s  T r a c k 6 8 6  k m 2 . 5 5 ° 3 0 .5  k m
A lo n g  T r a c k 2 6 8 6  k m 0 . 3 4 ° 4 . 0 7  k m
1 Considering a typical Disaster Monitoring Constellation (DMC) spacecraft
2 Considering an integration time equal to the GSD at the given orbital height
5.2.2 Coverage
Contiguous global coverage is ideal for most o f the atmospheric applications. 
However, for a spacecraft placed in a sun-synchronous orbit, the spacecraft does not 
go directly over the poles and so may not provide true global coverage. Although this 
is important for ozone studies, it is not usually a concern to volcanologists, since there 
are no volcanoes pole ward o f 75° latitude with exception o f Mt. Erebus (Antarctica) 
[121] and the recent eruption (3 May 2008) o f Chaiten volcano in Chile at latitude 
72.38°. Only a broad swath width ( > 1000 km), can guarantee imaging o f the plume 
irrespective o f the dispersal pattern due to different wind directions and speeds for 
different altitudes [122]. It is not so much that the large physical size o f the eruption 
that is the controlling parameter for satellite observations, but rather the unpredictable 
plume dispersal pattern that is important [1 2 2 ].
The Science Requirements o f OMI specifically mention daily global coverage. Thus, 
ideally the proposed instrument shall achieve this and should be in continuous 
operation in flight. A wide swath can be obtained using across satellite scanning, 
implying a mechanism for pointing the optics o f the spectrometer (TOMS); or by 
using an imaging spectrometer with a 2  dimensional detector ( 1  spectral, 1 spatial) in 
push-broom configuration with a large swath (OMI). Alternatively, a constellation o f  
spacecraft can achieve daily global coverage which is considered the best option for 
this research.
5.2.3 Temporal Resolution
Ideally, a volcanic cloud monitoring system should have as many revisits as possible. 
The International Civil Aviation Organization (ICAO) requirement for updates o f the 
Volcanic Ash Advisory Centers (VAAC), and forecast products and dispersion 
models is a minimum o f every six hours during a volcanic ash event. Thus, two or 
three hourly revisits can be considered useful but difficult to be provided.
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Table 5-3. Observational frequencies by CEOS [1 2]
P h e n o m e n o n T h r e s h o l d O p t i m u m
A s h  C lo u d 3 0  m in 1 5  m in
S 0 2 C lo u d 2  h r 1 5  m in
T h e r m a l  A n o m a ly  
( P e r s i s t e n t )
2  h r 1 5  m in
T h e r m a l  A n o m a ly  
( T r a n s i e n t )
3 0  s e c 1 0  s e c
Planned capabilities o f future satellite systems will satisfy the ICAO requirements for 
remote sensing o f volcanic ash, e.g. text messages and/or graphics containing a 
description o f the ash cloud position and its movement every 6  hours, including 
accurate forecast positions [12]. On the other hand many other applications such as 
routine monitoring o f volcanoes do not need such high temporal requirements, since 
the current observations for field-based validation purposes in the best case occur 
twice a month or even years. Thus, additional observations o f sulphur dioxide will 
always be useful.
Cross-track viewing can be used to reduce the revisit time for a particular sensor at a 
given site. However, this method o f data acquisition on different orbits inevitably 
means that cloud patterns will be different in the two images. In spite o f that, cross­
track imaging may still provide invaluable information for high-temporal coverage o f  
eruptive activity. Furthermore, a near-real time retrieval o f sulphur dioxide 
concentrations would enable monitoring o f such events and can thus assist in aviation 
control. Off-line retrieval, on the other hand, is more suitable for monitoring 
anthropogenic pollution aspects [42].
For given a pixel size and similar orbit, the swath width can be effectively increased if  
a dual instrument configuration is used as in the case o f the Multi-Spectral Imager 
(MSI) on the DMC platform [102]. The concept o f  multiple spacecraft in constellation 
also allows shorter revisit times and the agility o f these small satellites to quickly 
respond to given emergency events is an undeniable advantage in terms o f promptness 
and redundancy.
In order to calculate the revisit time for a particular space-based instrument, its orbital 
parameters need to be taken into account together with the field o f view across track 
of its imager. The following analysis (Figure 5-6) takes the orbital parameters o f a
Juan Fernandez
-107-
Surrey Space Centre
5. Instrument Design
suitable Low Earth Orbit (LEO); a sun-synchronous orbit at 6 8 6  km height and 
different possible angles o f Field o f view that the proposed imager can have.
Revisit Time (day) for 6 8 6  km orbit
Single Imager 
H—h Dual Imager
B -B  Dual Imager (5 spacecraft constellation) 
|~1 Daily Revisit
10 15 20
FOV Angle [deg]
Figure 5-6 Revisit time vs. Field of View 
From the figure above, it can be seen that daily revisit on this orbit, can only be 
obtained with a dual imager in a 5-spacecraft constellation. A comparison o f  a 
proposed instrument in this particular orbit is shown below compared against large 
platforms with single-instrument single-spacecraft approach. Ideally, a system must 
meet the shortest revisit time with the smallest ground sample distance for a given 
pixel size. This ideal condition is indicated as an arrow in the following figure.
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Figure 5-7 Pixel Area vs. Revisit Time
A dual UV instrument design with a 25° FOV swath each can provide daily revisit. F f 
the pixel size o f such instrument can be small enough to compare with current or 
heritage instruments, the advantage given by this platform will be more valuable.
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5.2.4 Derived Products
The requirements for the derived products according to CEOS are given in the table 
below. However these products are highly variable, and depend on the observing 
conditions (atmospheric and geometrical).
Table 5-4 Derived Products Specifications [116
P r o d u c t T h r e s h o l d O p t i m u m
A s h  C lo u d  T o p  H e ig h t <  2 k m <  1 k m
A s h  C o lu m n  D e n s i ty 1 t o n / k m 2 0 .3  t o n / k m 2
S 0 2 P r e c i s io n * 5  D U 0 . 5  D U
* (S02 range = 0 to 700 Dobson Units (DU))
The requirement on the accuracy o f the ozone vertical column density, as stated in the 
OMI Science Requirements Document [62] is 2% or 6  DU, whichever is larger. For 
the slant column density no accuracy requirement is given. However, as the slant 
column density is one o f the parts needed to derive the vertical column density, the 
accuracy o f the slant column density needs to be higher than that for the vertical 
column density [47].
Table 5-5 UV satellite sensors with SO2 detection limits [123]
I n s t r u m e n t F o o t p r i n t  S i z e N o i s e  L e v e l 1
T o n s  o f  S 0 2 
in  c l o u d 2
D a t a  c o v e r a g e  d a t e s 3
T O M S  
N i m b u s  7 5 0  x  5 0  k m 1 a  =  4  D U
7 0 0 0  s t r a t  
1 4 0 0 0  t r a p  B L N o v  1 9 7 8 - M a y  1 9 9 3
T O M S  
E a r t h  P r o b e 3 9  x  3 9  k m 1 a  =  3 .5  D U
3 7 0 0  s t r a t  
7 4 0 0  t r a p  B L A u g  1 9 9 6  >
G O M E
4 0  x  3 2 0  k m 1 a  =  0 .2  D U
3 6 0 0  s t r a t  
7 1 0 0  t r a p  B L J a n  1 9 9 6  -  J u n  2 0 0 3
S C IA M A C H Y
3 0  x  6 0  k m 1 a  =  0 .2  D U
1 2 5  s t r a t  
2 5 1  t r a p  B L S e p  2 0 0 2  >
O M I
1 3 - 2 4  k m 1 a  =  0 .2  D U
4 3  s t r a t  
8 7  t r a p  B L F ro m  l a t e  2 0 0 4
1. Noise at 1 -sigma level for UV sensors (DU = Dobson Units or milli atm cm),
2. Calculated for a cluster o f 5 nadir pixels at 5a  in the stratosphere (strat) and the lower tropospheric 
boundary layer {prop BL); off-nadir values will be higher.
3. All sensors provide global coverage.
It is important to mention that those detection limits are only a guideline that depends 
to a great extent on various factors, amongst them: retrieval method used, viewing 
conditions and assumptions about the cloud height and its homogeneity. Nevertheless, 
these are useful figures to take into account when designing an instrument that 
provides information o f scientific value. Thus, the real challenge is to identify realistic 
aims for the final products o f a micro-satellite instrument. A clear way o f showing
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the spot where miniaturised instrumentation should be is by comparing the application 
requirements given in tons to the instrument noise in DU (Figure 5-8).
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Figure 5-8 S 0 2 Detection Limits in the troposphere and stratosphere for various instruments
From the figure above, the aimed spot for the proposed UV imaging spectrometer is 
shown in red. The arrow represents the direction to the ideal lowest detection limits.
The sensitivity o f  an instrument in detecting gas emissions is given by the volume 
over which the gas is observed. In nadir observations this volume is directly related to 
the area ground sample distance because the vertical distribution at the small 
wavelengths o f interest (300-315 nm) do penetrate vertically into the atmosphere at 
similar depths. Thus, if  only the radiance received from a given area is only taking 
into account; then the reduction o f this radiance by an absorber on a smaller pixel 
sizes directly translates into lower detection limits.
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Figure 5-9 Pixel Area vs. S 0 2 detection limits
The goal is to achieve a highly sensitive detection limit by means o f  a small pixel 
size. This target is indicated in Figure 5-9 by the red square and the arrow shows the 
direction to the ideal condition o f small pixel and small detection limits. However, as 
m entioned before it is not only a function o f ground sample distance the achievable 
detection limits. Spectral resolution affects most SO 2 and O 3 retrievals because o f  the
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discrimination between these two gases. M ost algorithms require a spectral resolution 
sufficiently narrow to distinguish these two atmospheric constituents. Again the aim is 
indicated in the red square and the arrow towards the ideal condition.
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Figure 5-10 Spectral resolution vs. S 0 2 detection limits
It is important to observe the relatively high detection limits o f TOMS compared to 
other instruments with higher spectral resolution and greater number o f channels.
Cloud H eight Determination
One o f the most difficult problems associated with International Airways Volcano 
Watch (IAWV) operations is determining the height o f the volcanic ash layers, and 
whether these plumes reach the stratosphere (-15  km in the tropics) or not. As a 
reference the maximum plume altitude o f the main 1991 Pinatubo eruption is 
estimated to be -3 9  km as referred by [114]. Cloud top height can be determined by 
means o f IR satellite imagery or from visible or UV bands through parallax 
techniques [55]. Alternatively it can be derived using the overlap region o f  the DMC 
imager where vertical accuracies in the order o f a few hundred metres m ay be 
extracted [124].
The plume location and height (along with eruption time and duration) are very 
important variables. These are used to initialize a numerical model that forecasts the 
trajectory o f the ash cloud for use by M eteorological W atch Offices (MW O) in 
developing forecasts, route planning and warnings. Even slight inaccuracies in height 
determination can cause major errors in 18 hour dispersion forecast, causing 
over/under warning and the associated hazards and costs [125]. According to the 
Smithsonian Global Volcanism Program, roughly 30% o f the active volcanoes are 
within 1 ,0 0 0  m o f sea level, roughly 60% are within 2 , 0 0 0  m and about four-fifths are
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within 3,000 m o f sea level. Less than 100 volcanoes have elevations above 5,000 m 
(16,400 ft): most o f these are in the South American Andes and nearly two-thirds of  
the total are in that chain's central segment (15-28°S). This information provides a 
lower limit to the cloud height potentially released from any o f these volcanoes. 
However, plumes will reach much higher altitudes and drift in various directions.
Delivery Time
It is often assumed that the satellites are obtaining data continuously and that an 
image can be obtained within a few hours or days after an eruption is identified on the 
ground. Far from being an easy task it has been shown that obtaining remote sensing 
data over a particular volcano may take weeks, and sometimes months, to accomplish. 
This may be due to the need for special programming o f the satellite, potential cloud 
cover o f the area o f interest, and the slow delivery schedules for data received at 
foreign ground station. [1 2 1 ]
The baseline specification for timeliness and delivery o f products has been initially 
tied to the existing capabilities o f the SSTL Disaster Monitoring Constellation 
(DMC). The typical timeline between DMC tasking and the receiving o f imagery in 
this operations mode has been in the order o f 24 to 48 hours [105]. This is expected to 
improve and even if  in the short term it still does not meet the stringent requirements 
of aviation defined by CEOS, it will definitely be useful in the International Disaster 
Charter.
Validation
Validation o f volcanic SO2 retrievals is logistically difficult and opportunities are rare. 
Few cases exist where the space-based and fixed ground instruments have 
simultaneously observed volcanic clouds [9, 22]. In such cases, a comparison to other 
satellite instruments is possible. In particular, those which have after many years o f  
operation and several algorithm upgrades achieved a high quality standard in their 
data products (mainly GOME, TOMS). With recent programs such as GlobVolcano 
mentioned in chapter 3, validation campaigns will be carried out. This particular 
program provides an excellent ground based network that can be used for 
comparisons and vicarious calibration.
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5.3 Science Requirements
The scientific user requirements for future missions have been identified by Levelt 
[80] for the period after 2010, when OMI on Aura and SCIAMACHY have reached 
their end-of-life. The resulting requirements basically focus on three science aspects:
■ The time scales for air quality change on global and regional scale
■ The strength and distribution o f sources and sinks o f trace gasses and aerosols.
■ The role o f tropospheric compositions in global changes.
A proper understanding o f air quality and tropospheric composition in general 
requires the quantification o f the strength, distribution and variability o f emissions o f  
trace gases and aerosols. The uncertainty o f the derived columns depends on the 
Signal to Noise (S/N) ratio and on the air mass factor (AMF) [81].
The most important factors directly involved in achieving these requirements are:
1. The spectral resolution. This is needed to identify SO2 and can be inferred 
from the minimum separation between two o f the peaks in the radiance 
features; for example the peaks at -311 and -313 nm, with 2 nm difference. In 
order to distinguish these peaks, a minimum o f 2  samples would be needed. 
This yields a minimum sampling distance or spectral resolution < 1 nm 
required for an instrument to resolve the SO2 absorption.
2. The radiometric resolution is required for detecting the minimum changes of  
SO2 amount ( -1 0  DU) from the difference received at the sensor. In this case, 
this is given from the differential radiance between the aimed condition with 
respect to the tropical atmosphere, which is -0.1 pW-sr1*cm'2/nm, observed 
for this low concentration detection. The absolute radiance here is close to 2.5- 
but considered ranges vary between ~1- and 3 pW*sr'1*cm'2/nm; it was 
obtained from other experiments included in Appendix A.
Both factors are described in detail in the next sections.
5.3.1 Spectral Requirements
The spectral range and resolution required to discriminate SO2 from O3 is defined by 
the absorption spectra o f these trace gases; this has been discussed in section 2.2.4. In 
the region between -300 and -320  nm SO2 absorption is greater than O3 . However it 
is below -313 nm, where the ozone absorption is smooth and SO2 features are more
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easily identifiable for discrimination. Above -313  nm the features would require 
higher spectral sampling and resolution for more complex retrieval methods. 
Therefore, a suitable range for simpler discrimination is 305-315nm. The ratio SO 2 /O 3 
shows a wave-like spectrum with peaks and troughs evenly spaced every ~ 1  nm 
(spectral sampling) with an estimated Full W idth H alf M aximum (FWHM) o f  -0 .4  
nm (spectral resolution). We can therefore use these peaks and troughs to discriminate 
between these two constituents; this is shown in figure below:
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Figure 5-11 Peaks and Troughs ideal positions
In the range proposed, a minimum o f 10 measurements is required for total column 
retrieval methods; these are clearly more samples than TO M S’s wavelengths. 
However, there is limited information about the vertical distribution contained in 
these measurements, precluding detailed profile retrievals [50]. The main advantage 
o f obtaining a larger number o f measurements over a small subset is that impacts from 
both systematic and random errors in the measurements can be reduced; improving 
the quality o f the retrieval results. Thus, using hyper spectral measurements yields 
more precise total ozone than using the TOMS-like discrete bands.
Channel Selection (Spectral Sampling)
The optical measurement o f atmospheric trace gases can be performed with sensor 
channels located in bands o f the absorption spectrum. To quantify the gas amount, a
Juan Fernandez
- 114-
Surrey Space Centre
5. Instrument Design
ratio between the influenced channels within the absorption band (measurement 
channel) to non-influenced channels beside the band (reference channels).
Measurement channels are ideally sensitive to the trace gas o f interest and as 
insensitive as possible to noise and other disturbing effects. Reference channels are 
located as close as possible to measurement channels, but are not influenced by any 
absorbing gases. The various methods based on channel ratios differ from one another 
by the number o f selected channels and by the calculation procedure.
In general, measurement channels must meet three conditions [126]:
• It must be sensitive to variations o f the trace gas amount.(Sensitivity)
• The difference between the signal o f the trace gas and the noise must be 
clearly discernible. (Significance)
• Other absorbing atmospheric species must not disturb the signal o f the trace 
gas o f interest. (Cross Sensitivity)
The reference channels have to meet the following conditions:
• The signal should not be influenced by any atmospheric species. 
(Transmittance)
• Its effective signal to noise ratio must be as big as possible. (Noise)
In OMI UV channels, the longer wavelength measurements (>310 nm) are suitable for 
measuring total ozone, while the middle wavelengths (~300 nm), after correction for 
the tropospheric component, provide information about the lower stratospheric ozone 
profile. Moreover, small SO2 amounts can be readily detected using residues in the 
wavelength range 305-310 nm, provided the OMI has adequate Signal-to-Noise (S/N) 
at these wavelengths [49]. Unfortunately, the S/N o f OMI precludes the use o f such 
range. One aim of this research is then to attempt to decrease the noise o f the 
proposed instrument by choosing a suitable detector in this spectral range.
TOMS V 8  algorithm uses 331.2 nm wavelength to derive surface reflectivity at low 
solar zenith angles but switches to 360 nm when the ozone absorption at 331.2 nm 
becomes too large Ozone correction is made by iteration, i.e., by starting with a 
nominal total O3 estimate and then recalculating the reflectivity using total O3 
provided by the shorter wavelength. The process is repeated if  reflectivity changes 
significantly. For the proposed instrument, in the same way OMI does we can
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consider to switch to 332.7 nm, which can be used everywhere for it has 3 times 
smaller O3 absorption [49].
Currently, calibrated radiances are routinely produced for 12 UV2 OMI wavelengths 
for operational production o f TOMS-like column ozone (0M T03), SO2 data 
(0M S02) and vicarious calibrations [19]. A summary o f spectral bands and retrieval 
algorithms used in the considered UV range is shown below:
P r o d u c t  n a m e
C o l u m n
( V ) e r t i c a l
( S ) l a n t
W a v e l e n g t h  B a n d  
[ n m ]
A l g o r i t h m
S u r f a c e  U V  
i r r a d i a n c e
- - 2 8 0 - 3 1 4 R e f l e c t a n c e  c h a n g e
0 3 P ro f i le - 2 7 0  -  3 1 4 O p t im a l  E s t im a t io n
0 3 c o lu m n V 3 2 5  -  3 3 5 D O A S
0 3 p ro f i le - - 3 0 6 - 3 1 4 O p t im a l  E s t im a t io n
A e r o s o l V 3 4 0  -  3 6 5 R e f l e c t a n c e  C h a n g e
B rO  c o lu m n s 3 4 4  -  3 6 0 D O A S
S 0 2 c o l u m n V 3 1 0 - 3 3 1 P a i r  A lg o r i th m
O C IO  c o lu m n s 3 5 7  -  3 8 1 D O A S
H C H O  c o lu m n V 3 3 6  -  3 5 7 D O A S
S u r f a c e  U V  
i r r a d i a n c e
" 3 0 6  -  3 8 0 R e f l e c t a n c e  C h a n g e
T O M S  # 1  3 6 0 .0 V 3 5 9  -  3 6 1 T O M S
T O M S  # 2  3 3 1 .2 V 3 3 0 .2  -  3 3 2 .2 T O M S
T O M S  # 3  3 2 2 .3 V 3 2 1 . 3 - 3 2 3 . 3 T O M S
T O M S  # 4  3 1 7 .5 V 3 1 6 . 5 - 3 1 8 . 5 T O M S
T O M S  # 5  3 1 2 .5 V 3 1 1 . 5 - 3 1 3 . 5 T O M S
T O M S  # 6  3 0 8 .6 V 3 0 7 .5  -  3 0 9 .5 T O M S
Other retrieval techniques such as: Linear Fit and Sliding Median techniques 
discussed in Chapter 2 are very general so that they can be applied to measurements 
from other backscattered ultraviolet instruments, o f the 0M T03 bands used in the 
algorithm [50]. These bands and algorithms will be a useful reference when designing 
a miniaturised instrument. Coincident spectral bands will help any vicarious 
calibration attempts whilst the experience gained from other instruments can be 
inherited and used for cross-validation.
To illustrate the channel selection in a more comprehensible way; Figure 5-12 shows 
the S O 2/ O 3 Absorption Cross Section (ACS) ratio for the channels currently in use for 
SO2 detection from a set o f instruments. Note that the plots are shown separated
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vertically for clarity purposes; the ratio scale shown in the vertical axis is therefore 
only true for the first curve from the bottom.
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Figure 5-12 Instruments Channels used for S 0 2 and 0 3
340
For both GOME and SCIAMACHY a spectral window between 315- and 326-nm is 
used for SO2 for fitting and -325-335 nm for O 3 . For OMI, shorter bands are used due 
to the better discrimination o f SO2; its higher sensitivity and smaller resolutions 
allows the use o f the wavelengths between -305  nm - 317.5 nm for SO2 and 301-306 
nm for ozone. TOMS, OMAD, and OUBI bands are also shown and they are also 
indicated with their bands used for ozone and SO2 (in the case o f TOMS) retrievals.
Spectral Resolution (Slit function)
Typically the spectral resolution is defined by the Full W idth H alf M aximum 
(FW HM) from the instrument spectral performance. This ultimately defines the utility 
o f a given wavelength range for algorithm purposes and it is a result o f  the optical 
layout o f an instrument. Spectral sampling on the other hand is more related to the 
actual positioning o f the detectors; as shown previously.
It is often called ‘slit function’ or ‘instrument function’ and can be thought o f as the 
widening o f an infinitesimally narrow spectral line o f a given wavelength entering the 
instrument to a resulting shape at the output with a given spectral width including 
adjacent shorter and longer wavelengths or lower intensity. One commonly shape
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used to define this behaviour is given by a Gaussian curve; other often used 
distributions for this shape are: Lorentz, Doppler, a simple triangular shape.
Considering the spectral range 305-315 nm a series o f  channels would ideally have a 
line for each central wavelength considered in the range. Given the sampling 
previously defined at the beginning o f this section, equally spaced lines ( ~ 1  nm) 
would represent an ideal spectrometer. Instead, an infinite number o f  lines with other 
illumination response will repeat around each one o f the original lines. For a given slit 
function with ~ ln m  FW HM spectral resolution, these would appear as a Gaussian 
curve centred on each particular wavelength (Figure 5-13).
Relative R esponse for Spectral channels
& Gaussian(Xrefr, Xch)cho.5
306 308 310 312 314
Arefr
W avelength [nm]
Figure 5-13 Theoretical response for channels with 1 nm FWHM spectral resolution
In order to identify the particular ACS features o f  SO2, an appropriate slit function 
must be chosen to accurately sample its absorption. Thus, FW HM plays an important 
role in defining the spectral resolving power o f a spectrometer. To its effects, let us 
consider the effect that an instrument with 1-nm spectral resolution would have on the 
ACS o f the two species o f interest for this research (Figure 2-7). The thick lines are 
the original A C S’s shown in section 2.2.1 with sampled with a spectral resolution o f 
0 . 0 2  nm; shown with an off-set above those, there are the theoretical output o f  an 
instrument with a 1 -nm resolution FWHM.
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Figure 5-14 Effect of spectral resolution of a 1-nm FWHM slit function from ACS [33, 37]
For a given spectrometer the slit function is directly related to the dispersive element, 
grating and its optical layout. This is explained and calculated below for the proposed 
instrument.
Grating
The spectral resolution o f a spectrometer is defined by a combination o f  the number 
o f lines on the grating; the size o f the entrance/exit slit and its focal length. Because 
the slit size is subject to the optical design and its optimisation, it is the grating the 
most important element which defines the spectral performance required.
Various grating options were analysed for this research. A compact design can be 
achieved if  a concave reflective grating is used as spectral dispersing element. The 
main advantage o f such gratings is that it can act as both focusing and dispersive 
element. The disadvantages are amongst others: the difficulties in optical alignment 
and careful handling; the narrow selection o f spectral dispersion options that requires 
a custom made grating if  a custom made detector is considered; and the fact that the 
production o f such gratings relies on duplication o f a master thus compromising its 
performance.
After a careful evaluation o f available gratings, the best option was a holographic 
transmission grating from Ibsen Photonics. It is a general purpose 100% fused silica 
grating for UV applications [127].
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Some o f its features and benefits are:
■ Highest quality o f holography with reproducibility
■ Equivalent cost o f replicated gratings
■ Temperature stability, environmental tolerance and power damage threshold
■ Grating resolutions up to 5000 lines/mm
■ High diffraction efficiency with high dispersion
■ Low polarization dependence over broad spectral range
■ Combined wavelength dispersion and folding elements
■ Produced under controlled environment in class 10 cleanroom
■ Extensive grating metrology and high resolution defect inspection system 
This Commercial Off-The-Shelf (COTS) component is the best option available for 
the proposed spectrometer. Its advantages in terms o f simplicity o f layout with plane 
dispersive optics were considered and a quotation was obtained.
Table 5-7 FSTG-UV-3000 UV Transmission Grating Specifications and Quotation [128]______
S p e c t r a l  R a n g e 2 0 0 - 4 0 0  n m
G r o o v e  d e n s i t y 2 8 4 7  l i n e s /m m
G r a t in g  a r e a 1 3 .5  m m  x  1 2 .5  m m
C h ip  s i z e 1 5  m m  x  1 5  m m
T h i c k n e s s 0 . 6 2 5  m m
D if f r a c t io n  E f f ic ie n c y M in  3 0 %  o v e r  fu ll s p e c t r u m  u n p o l a r i z e d  
i l lu m in a t io n  T y p ic a l  D E  a t  3 0 0  n m , u n p o l a r i z e d  
i l lu m in a t io n  7 0 %
P r i c e 1 g r a t i n g  o f f  t h e  s h e l f  €  9 0 0  
( o n e - o f f  q u a n t i t y  c u s t o m - m a d e  -  €  5 0 0 0 ) 1
S h ip p in g  a n d  h a n d l in g € 1 0 0
Quotation reference: Ref: 17614
Once an available grating was found; then the optical design o f the proposed system 
can be considered. Two main categories o f optical detectors have been considered in 
this research for achieving such spectral properties: single channel (monochromators) 
and multi-channel (spectrometers). Single-channel detectors have just one element 
that accepts light through the exit slit o f a monochromator.
X
Grating
Figure 5-15 Basic grating layout for monochromator
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In this configuration, the entrance angle (a) and wavelength (X,) are related to those at 
the exit angle (p). An instrument containing a single-channel detector produces a 
spectrum by rotating the grating and recording one data point for each grating 
position. In contrast, multi-channel detectors collect many data points simultaneously 
without moving a grating or any other part o f the spectrometer. These detectors are 
placed at a given distance (fo) from the grating at different angular positions for the 
required wavelengths o f interest. The following figure shows the initial proposed 
layout.
X360 
' X340 Ach 305-315 nm
a
Figure 5-16 Layout for multiple-channel spectrometer 
This allows much more efficient data collection than for the single-channel 
counterparts, as large amounts o f spectral data can be collected in a single exposure. 
The most popular multi-channel detectors are charge-coupled devices (CCD’s) but 
arrays o f photodiodes can also be used.
Spectrometers are preferred over monochromators because o f the lack o f moving 
parts, and the associated issues for a spacecraft environment. On the other hand, the 
use o f multiple channel-detectors despite their higher collection efficiency, they 
require intensive characterisation o f all the elements for adequate calibration.
Details on the design o f such optical systems can be found in [129-132]. These 
references were used for most o f the optical design regarding grating layout and its 
derived dispersion. Here a brief description on the principles is given. The grating 
considered for these calculations has the following dimensions 12.5 mm width, 13.5 
height and 0.625 mm thickness with 2847 lines/mm.
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The Grating Equation
This general equation applied for the case o f a transmission grating relates the grating 
pitch (d) which is the inverse o f the lines/mm of the grating’s ruling; the wavelength 
of the incoming light (A,) at a particular incident angle (a) defined by the position of  
the entrance slit to the exit angle (p) o f that particular wavelength for a given 
diffraction order (m). This equation is shown next:
d  • (sin(tf) + sin(/?)) - m - X  (5-2)
There is a particular condition called the Littrow angle (aLittrow) at which the incident 
angle equals the exit angle (a=p) for a particular wavelength (Eq. 5-3). This condition 
provides a degree o f symmetry on the layout used for the grating setup which is often 
useful.
. ✓ \ * X * _
sm (aL,„nJ  = —  (5-3)
Because this angle is wavelength dependent, a fixed angle needs to be selected for the 
entrance slit o f the spectrometer. Furthermore, the angle will reduce the effective 
grating area o f the grating since one dimension o f the grating it is then reduced to the 
perpendicular projection thus making smaller angles preferable.
V x o
Wxi
Wx
a
Figure 5-17 Grating effective area from input and output 
The Littrow condition for a monochomator can be used as a reference but it will 
imply the use o f moving parts to change the angle for a particular wavelength which 
adds extra complexity and is not desirable. Moreover, because o f the spectral 
dispersion required to match a particular detector size, an angle o f incidence other 
than the Littrow condition can be considered. Figure 5-18 shows the diffracted angles 
for two fixed input angles in addition to the Littrow condition for each wavelength 
(red), these are: the Littrow condition for 310 nm (26.18° in green) and a smaller 
angle (2 0 ° in blue) just to show the differences o f diffracted angles.
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 Littrow Condition for each wavelength
 2 0 . 0  deg incidence angle
 26.18 deg incidence angle
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Figure 5-18 Diffracted angle vs. Wavelength
Angular Dispersion
The angular dispersion (AD), given in [°/nm] is the ratio o f the increase o f  exit angle 
with respect to the wavelength can be obtained by differentiating the grating equation 
with respect to /? as in the following equation.
[d  • (sin(cf) + sin(/?)) = m • A] (5-4)
op
To obtain
d  • sin(ef) • + d  • cos(/?) = m ■ —  (5-5)
V '  d p  d p  K }
doc
However, if  we consider the case o f  the fixed entrance slit then —  = 0 . Thus, the
d p
angular dispersion is given by
AngularDispersion  = = ------ ——— (5-6)
dA d  • cos(p)
As described in previous section, the angular dispersion is fixed for a particular
grating once the incidence angle has been defined. The dispersion o f the two
incidence angles considered before is shown below.
Juan Fernandez
- 123 -
Surrey Space Centre
5. Instrument Design
Angular Dispersion
 Littrow Condition for each wavelength
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Figure 5-19 Angular Dispersion vs. Wavelength
From Figure 5-20 it can be observed that a higher angular dispersion is obtained for a 
smaller incidence angle. This change in dispersion makes possible the match with a 
given detector size as described next.
Linear Dispersion
For a given detector array with known dimensions o f  width (wd) and height (hd), the 
angular dispersion has to match the detector pitch (dx) to the required spectral 
sampling (dL) for the given output focal length (fo) o f the spectrometer.
LinearD ispersion -- —  = fo  ■ = f o ------- —----- -
dX o/1 d  ■ cos (/?)
(5-7)
The following figure illustrates the relation between the various parameters
Spatial dimension 
wd 
»i N
dx
hd
Spectral dimension
fo
Focal length output 
Figure 5-20 Linear detector array and grating dispersions
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The linear dispersion (mm/nm) required in the linear array is simply the pixel size 
divided by the spectral sampling required and it is also equivalent to the total length 
o f  the detector array (hd) divided by the spectral range (AX,) to be detected (305-315 
nm). As an example, a suitable plano-convex fused-silica lens from M elles-Griot 
(PCX-01 LQP-11) can be considered to show the effect o f  linear dispersion. Its 
effective focal length at 310 nm is 118.23. The following figure shows this required 
dispersion (0.39 mm/nm) for the incidence angles considered previously.
Linear Dispersion
0.46
E 0.44
"5= 0.42
5
0.4
0.38
0.36 
300
1 1 1 
** *  Littrow condition for all wavelengths 
K'XK 20.0 deg Incidence angle 
26 .IS deg Incidence angle 
T-+ Required dispersion 0.39 mm nm
! 1 '
. - **
_ _ .  -X  “ ■ "
1 1 !
. - ■X‘
1 1
310 321 350 360330 340
Wavelength [nm]
Figure 5-21 Linear dispersion vs. wavelength for 118.23 mm output focal length
It can be seen that the required dispersion for the proposed detector size can be 
reached with an incidence angle o f 2 0 °.
Spectral Resolution
One needs to be careful not to confuse the spectral sampling given by the detector size 
to the spectral resolution. The latter is defined by the width o f  the entrance slit (ws) 
and due to the projection o f  its image at the exit o f  the spectrometer. The final image 
o f  the entrance slit ( w sj) is given by the angular magnification which depends on the 
ratio o f the cosines o f the angles o f incidence and diffraction and the ratio between the 
focal lengths o f at the input (fi) and output (fo). 
cos(ef) fo
WSl  =  WS’
C O S  (/?) f l
(5-8)
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The following figure shows the factors involved in this relation
Inage  o f
Entrance
Sll-t
Vs
E n t r a n c e  
v,dX ^v  V S i
da -I
Figure 5-22 Spectral resolution layout
From Eq. 5-8 and the figure above it can be seen that a shorter output focal length will 
increase the spectral resolution for a given detector size because o f the smaller 
projected image o f  the entrance slit. However, this distance needs to match the linear 
dispersion required as discussed in the previous section.
On the other hand, a narrower entrance slit or longer input focal length will also 
increase the spectral resolution because it will subtend a smaller angle da ; this can be 
seen from Figure 5-23.
Spectral Resolution vs Input Focal Length
 50 micron slit 20.0 deg incidence
 50 micron sKt 26.18 deg incidence
 1 0 0  micron slit 2 0 .0  deg incidence
H—h 1.0 nm Spectral Resolution
. j
0.5
Input Focal Length [mm]
Figure 5-23 Geometrical Spectral Resolution vs. Input Focal Length
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Two slits o f different widths (50 microns and 100 microns) are considered to observe 
the effect o f spectral resolution in Figure 5-23. The narrower slit yields the higher 
spectral resolution. In addition, two different incidence angles are shown for a 50 
micron slit, showing that the difference is negligible for the angles discussed 
previously. It can also be seen that a spectral resolution less than 1 nm can be 
obtained with a 50 micron slit at an input focal length longer than 16 mm but this 
focal length will have implications on the field o f view o f the spectrometer.
The optics before the entrance slit needs to be designed properly in order to yield the 
desired FOV. Furthermore, any change in focal lengths (input and output) will have 
an effect on the optical throughput (etendue or luminosity) o f  the system. This needs 
to be considered carefully for radiometric calculations and is discussed in the 
corresponding section.
At this point according to previous calculations, a preliminary design can be obtained 
using commercially available fused silica lenses. The minimum optical elements 
considered are:
• A telescope lens to directly observe the Earth’s backscattered radiance
• Entrance slit that defines the spectral resolution and FOV depending on its 
dimensions
• Collimator lens that also defines the spectral resolution depending on its focal 
length and providing parallel rays to the dispersive element.
• Transmission grating to act as dispersive element and provide the required 
angular spectral dispersion
• Focusing lens to bend the parallel spectral beam after the grating making the 
converge on the detector
• Area detector array to provide the desired spectral and spatial sampling.
The preliminary design showing these elements is shown below:
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Figure 5-24 Initial Spectrometer Layout
This preliminary layout might not fulfil all requirements. The use o f additional optics 
at the entrance could be required to improve its performance and to avoid vignetting 
(reduction o f image brightness as angular fields depart from the optical axis). An 
example o f such optics is shown below:
Field 
Lens 
P r i m a r y  
T elescop e Image 
L e n s
f l
C o u p l i n g  
Lens 
f c
. E n t r a n c e
cu S l i t
10
30
f-fc P q
Figure 5-25 Alternate entrance optics to the spectrometer
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5.3.2 Radiometric Requirements (Sensitivity)
The nominal orbital parameters and the observation conditions including cloudiness, 
will determine the radiant power entering the instrument. The incoming power will 
define the expected signal-to-noise performance for a given scenario. The lowest 
radiance expected values ultimately represent the noise-limited sensitivity o f the 
instrument whilst the highest define the dynamic range to be observed.
Dynamic Range
The radiances that will be observed by any instrument will vary over an orbit due to 
changes in the Sun satellite geometry and due to the state o f  the atmosphere. For 
OMI, simulated radiances were computed using M ODTRAN with orbit simulations 
using the Satellite ToolKit (STK) Simulated Radiances for OMI [39]. In this research 
atmospheric simulations relied only on M ODTRAN without a link to the orbital 
simulations o f the spacecraft. However, the geometrical parameters always can be set 
in MODTRAN to describe a particular orbital scenario. Thus, the expected radiances 
from OM I simulator can be taken as a reference for the minimum and maximum 
values for our wavelength range.
Min/Max Spectra & R1 Radiances
E c
& 
jj:
rv
E
A c0
1 &<u
.§ 1x10,D
*tr
1x103
Wavelength (nm)
Figure 5-26 Dynamic Range: Minimum, nominal and maximum (red) spectral radiances [39] 
W ithin the total range o f the expected radiances, the nominal radiances o f  three 
scenarios (Antarctic, Tropical Summer and M id-latitude) are also indicated by the
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lines with circles from top to bottom respectively. Our calculations are mainly based 
in Watts rather than in photonic units. Thus, a comparison for 310 nm is given next: 
Table 5-8 Dynamic range and scenarios used in instrument design__________________________
R a d i a n c e  o r  D if fe r e n t ia l  R a d i a n c e
C o n d i t io n [u W  s r -1  c m -2 1 [ p h o t o n s / s  s r - 1  c m - 2 ]
D if fe r e n t ia l  R a d i a n c e  < 2  D U  S 0 2 1 .0 0 x 1  O’3 6 . 8 1 x 1 0 8
D if fe r e n t ia l  R a d i a n c e  ~ 2  D U  S 0 2 
l a y e r  a t  5  k m 0.01 6 .8 1 x 1 0 9
M in  a b s  R a d i a n c e  @  3 0 5  n m 0.1 6 . 8 1 x 1 0 1°
A v q  R a d i a n c e  @  3 1 0  n m 1 6 . 8 1 x 1 0 11
H a lf  M a x im u m  R a d i a n c e 10 6 . 8 1 x 1 0 12
In order to estimate the radiometric resolutions required for this research, a radiative 
transfer model was computed using MODTRAN [23]. Injections o f SO2 at various 
layers and combinations o f ozone content are possible with this code. Details on the 
implementation o f this code are given in the next section regarding the instrument 
simulation model. It is worth mentioning that the following considerations affecting 
the backscattered radiance were not explicitly taken into account: sun glint, large 
volcanic eruptions and polar stratospheric clouds (PSCs). Whilst sun glint can not be 
modelled, we know that for high volcanic aerosol load minimum radiances can be 
20% lower. Whilst PSC can increase the radiance level it will still be within the 
dynamic range considered due to the solar angles encountered at those latitudes.
Radiometry
In order to convert the spectral radiance given in pW-sr'1-cm'2/nm into units o f  
absolute power received (in Watts) by the detector array, various elements need to be 
taken into account: the solid angle (in steradian) subtended by the entrance aperture to 
the optical system; the area o f the detector (in cm2); the transmission efficiency o f the 
and the spectral range (nm). This is given by the following expression:
^2
Irrp^ i = A ptc-&- W  \L{X)dX (5-9)
Where: APjX = pixel area
Q = Solid angle subtended by entrance aperture 
o^ptical = Total optical transmission (lenses and gratings)
L(A,) = Radiance from the ground as a function o f wavelength.
Xi and %2 = Upper and lower band pass o f channel.
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This is a simplified model where the radiance considered is only a function o f 
wavelength. Thus, once the spectral sampling is given (from section 5.3.1), 
integration over the spectral range is carried out to represent the absolute radiance 
values for a particular spectral channel. One way to visualise this process is given 
below for a more representative case where the radiance is a function o f  the ozone 
content. Various total amounts (in DU) ranging from 0.7 to 1.5 times the content in a 
standard tropical atmosphere (277 DU) with albedo 0.3 and Solar angle o f  25 degrees. 
These spectral radiances are shown in below in colours ranging from blue for the 
lowest content o f O 3 (194 DU) to red when highest (415 DU).
1
£o
304 306 308 310 312 314 316
Waveleng-th [nm]
Figure 5-27 Spectral Radiance
From the spectral continuum o f radiance (Figure 5-27) we can integrate the signal for 
each one o f the channels considered to its corresponding spectral bandwidth. The 
integration represents the effective spectral area covered by a given pixel also taking 
into account the gap between them.
In Figure 5-28, the channel boundaries are represented with the gap between pixels; 
peaks and troughs boundaries are identified in blue and red respectively. The 
equivalent integrated radiance is now shown in Figure 5-28 as the horizontal bars with 
the same colours used to show the different concentrations o f ozone in the spectral 
radiance o f  Figure 5-27.
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Figure 5-28 Integrated Radiance
At this point only the spectral integration has been considered with no consideration 
o f the optical system characteristics or detector responsivity. These will be in 
described in detail in the next section.
5.4 Instrument Model and Specifications
A full simulation o f the expected in-orbit performance o f the instrument must take 
into account many factors. These represent a multi-dimensional dataset used to 
determine the system performance for a particular set o f atmospheric conditions from 
where radiometric analysis will provide an estimate for the SNR.
The proposed UV imaging spectrometer needs to be specified and modelled together 
with the application requirements. The expected output o f any Solar Backscattered 
UltraViolet (SBUV) instrument is theoretically computed as the convolution o f its 
spectral response with the back-scattered UV radiance. This alone will not define the 
calculated performance. Thus, in order to completely simulate the instrument 
performance, one must take into account at least two models: A scene model 
describing the geometry and atmospheric model and a full model o f the sensor 
hardware.
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The following figure describes the model developed during this research for 
instrument simulation.
Atmospheric Model
MODTRAN Engine & Orbital model__________
GenFileManipStruct=GenFileManip(FileRef, Files_path, FileSearch) 
File R e f- \\XX_YY_ZZ. psc'
Files_path='C:\..V 
FileSearch= psc'
Sollrad
ReadS02DU Read03DU ReadTP5Read Km/ppm v
CDRefKm
ppmv
S02Struct 03Struct CDFiles
Absorption
Cross
Sections
Solar
Profiles Irradiance
202K 
221K 
241K 
273K
Kurucz
Kurucz Th
Bogumil
Vandaele
C h an c e
Cebula
293K
TO^m_SA25-flla*0.1t-e ZT7SollrrDB
03Acs
SollrrRefSpRadRef
Instrument Model
S02Acsi
S02AcsConv
Optics
Slit Function (Gaussian FWHM) 
Interpolation and Convolution
03Acsi SpRad
OSAcConv SpRadFiles
SPRadConv
SollrrRefi
SollrrRefConv
Detector and Electronics
EffArea
OptFactor
LensFactor
FilFactor
GrFactor
Eten
Gain
Resp
NChannels=10 with gaps mode=2 
Min=304.965 Max=316.119 
Spectral Shift 
Bandwidth 
Noise
OMAD
AuxCh( 289, 313, 331, 360 nm)
IntRad
Files
r.ppmiJW&XfK 03c ?7?.*IC [£W] I
CpfTOj331.35.f*: 01c 3/4.770 fOtQ p. I 
HKWr_0Jt.l7.f4C OJ: J34JOO [Cxfl j  \ /
Figure 5-29 Instrument Simulation Model
Gray boxes and legends indicate the name o f functions implemented in Interactive 
Data Language (IDL) and their variables. These include the M ODTRAN engine for 
radiative transfer simulations, including the replication and mutation o f cards for 
variations o f particular scenarios.
5.4.1 Atmospheric Model
This model defines the environmental conditions and describes the interaction o f  the 
solar energy. The Spectral Radiance (L) observed by the instrument is not only a 
function o f wavelength. The observing geometry for the given orbital parameters; 
geophysical and atmospheric conditions, reflectivity, O3 and SO2 content and their
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profiles are probably more important variables for determination o f the expected 
spectral radiance. Thus, Radiance is a function o f many other factors
hi
I fT p«ei =  A pvc ■ Q • V w  (5-10)
A
S y m b o l P a r a m e t e r U n i t s C o m m e n t s  a n d  M O D T R A N  C a r d s
A Wavelength [nm] From detector array , auxiliary channels and MODTRAN.psc
P Reflectivity [%] CD.C1.SURREF defined (0.3)
Qk Ozone content 0 3 for k layer [DU]
CD.C1A.03STR normalised scaling on 
03DU in TP6
z k
Sulphur Dioxide Content 
S 02 for k layer [DU]
CD.RS.WMOLB(4) in TP5 and S02DU 
in TP6
<P
Solar Zenith Angle (SZA) [deg]
From CD.C3A1 .IPARM=1 and 
CD.C3A2.PARM2 (q>) 
or CD.C3A1.IPARM=2 and 
CD.C3A2.PARM1 (Lat) and 
CD.C3A2.PARM2 (Long) and 
CD.C3.IDAY=(Day) and 
CD.C3A2.TIME (Time)
The model output is a series o f radiances for the given combinations o f  the input 
parameters above; one sample for O 3 and SO2 variations is shown next:
Spectral Irradiance, Spectral Radiance
SurRef: 0 .3  Solar Angle: 2 5 .0 0Ref e re n ce:Tro pA1 m _SA25.0_a I bO .3 . pa c 
03: 2 7 7 .6 1 0  [DU] S02: 0 .1 0 7 9 9 0  [DU]
Files: TropAtm _SA25.0_-Alb0.3_0*.0km_*e—01 ppmv_031 .OO.psc 0 3 : 2 7 7 .6 1 0  -  2 7 7 .6 1 0  [DU]
„  S02: 2 .4 0 9 1 0  -  4 6 .3 6 6 0  [DU]
L  alb: 0 .3  -  0 .3
10.0000    ■ ■ | | ■ ' ■ ' ' I |—
= CORRECTEDJCURUCZ
I '£ 
r ££ OJ
■ a
*  "8 9
CL H5 tn -y 
l- a a o
n  V)y  _v y
aco
S 0.1000
0.0100
0.0010
0.0001
_iropA tm _SA 25.0_A lb0.3_04.0km _6e—01 ppmv_031 .OO.psc 0 3 : 2 7 7 .6 1 0  [D U ]_  
:TropAtm _SA25.0_Alb0.3_04.0km _7e—01 ppm v_031.35.psc 0 3 : 3 7 4 .7 7 0  [DU] \ 
-TropAtm_JSA25.0_Alb0.3_04.0kmJ9e— 01 ppm v_031.1 7.psc 0 3 : 3 2 4 .8 0 0  [D U ] -
i ■ ■ ■ ■ ■ ■ ■ ■ ■  i . . .  . ■  . . . .  i ■ ■ ■ , ■ ■ ■ ■ ■  i
3 3 0  3 40
Wavelength [nm ]
Figure 5-30 Solar Irradiance and Backscattered Spectral Radiance for various atmospheres 
A detailed explanation o f the parameters displayed in the atmospheric model output is 
given below. It requires a ‘Reference Atm osphere’ with its corresponding conditions 
o f albedo, solar angle, O 3 and SO2 content. Commonly a Lambertian surface with a
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nominal albedo o f 0.3, clean tropical atmospheric standard profiles, no aerosols, no 
clouds and solar angle o f 25 degrees are taken as a reference. Various files can be 
displayed for analysis comparison depending on an asterisk used for selection (*) in 
the look-up files. This symbol allows selection for ‘a ll’ files o f a particular parameter 
such as layer height, layer concentration, ozone scaling factor, albedo, or SZA.
Atmo7ph*re Ref e re n ce:Tro pAi m_S A 25.0_n I bO .3 . ps c
Total OJ Total S02 Albedo Sol ar Angle
0 3: 2 7 7 .6 1 0  [DU] S 02: 0 .1 0 7 9 9 0  [DU] SurRef: 0 .3  S o lar Angle: 2 5 .0 0
Look-up Files Files: TropA tm _S A 25.0 -J \lb0.3_0*'.0km _*e—01 ppm v_031 .OO.psc
TropAtm _SA25.Q _AJb0.3_04.0km _6e— 01 ppm v_031 .OO.psc 0 3 : 2 7 7 .6 1 0  [DU]
Look-up
Atmospheres TropA tm _S A 25.0_jM b0.3_04.0km _7e—01 ppm v_031 .35 .psc  0 3 : 3 7 4 .7 7 0  [DU] 
Trop A tm _S A 25 .Q J\lb0 .3_04.0km J9e—01 p p m v_031 .1 7,psc 0 3 : 3 2 4 .8 0 0  [DU]
Atmosphere Solar Albedo Height Volume Drone Drone
Model Zenith [%] [km] Mixing Scale Vetical
Angle Ratio pi] Dolumn
I SZA' iPPnwJ [DU]
OS Content Range 0 3 : 2 7 7 .6 1 0  — 2 7 7 .6 1 0  [DU] 
S02 Content Range S02: 2 .4 0 9 1 0  -  4 6 .3 6 6 0  [DU] 
Albedo Range olb: 0 .3  -  0 .3
Figure 5-31 Description of simulation output
This allows simulation and analysis o f a wide range o f SO2 contaminated atmospheres 
at any given layer for different ozone conditions. The profiles used for these 
constituents are shown below. For SO2, 9 different scale heights (1 km to 10 km) and 
1 0  different concentrations were considered for each layer.
i^ 4Sgmv_alb0.3.tp6 
!—C|1ppffVy'_elb0.2.tp6 
®^xpb*l«v-ull>j.3.tp6
S02 Profiles - Tropical Atnroipherel _pjc tropkol Atmotpherrl M }Pni‘ e01ppmv
Tropical Atmosphere 1 ,p3C
03: 277.610 [0U] S02: 0.107980 [DU]
SurRef: 0.3 Lob +7.20 Long: 351.5
Time: 12.00 Day: 180
i i i i i i i [~
Trapicol Atmospherel.psc 502: 0.107990 [0U] 
Tropical Atmosph«rel_1,0km_1e—01ppmv_olb0.3.tp6 
Tropical Atmosphere 1 _l .0km_2e-0 Ippmv_olb0.3.tp6 
Tropical Atmosphere1_l .0 lm _3«-01ppmv_olb<3.3.lp6 
Tropical Atmosphere1_l .0km_+e-01ppmv_alb0.3.tp6 
Tropical Atmosphere 1 _1.0km_5e-01 ppmv_nlb0.3.tp6 
ASmosphere1_l .0km_j6e-01ppmv_olb0.3.tp6
SOS: 5.57280 [DU] 
S02: 10.7980 [DU] 
S02: 15.9570 [DU] 
SOS: 21.0770 [DU] 
SOS: 26.1690 [DU] 
S02: 31.2400 [DU] 
S02: 36.2950 [DU] 
SOS: 41.3360 [DU] 
SOS: +6.3660 [DU]
+0
S02 I DU /  KM]
Figure 5-32 S 0 2 Profiles
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For Ozone, the tropical standard profile distribution is considered with scaling factors 
from 0.7 to 1.4 times the standard 277 DU concentration, yielding a range o f 195 -  
388 DU.
0 3  Profiles - Tropical A tm o sp h e re l.p sc  -  T ropical A tm o sp h e re l_ * .p sc
Tropical Atm osphere 1. pac
03: 277.610 [DU] S02: 0.107090 [DU]
SurRef: 0.3 Lot: 47.20 Long: 351.5
rime: 12.00 Day: 180
Tropical Atmospherel .psc 03: 277.610 [DU]
Tropical Atmospherel _070.tp6 D3: 194.320 [DU]
Tropical Atmospherel _090.tp6 03: 249.850 [DU] 
Tropical Atmospherel_110.tp6 03: 305.370 [DU] 
Tropical Atmospherel_120.tp6 03: 333.130 [DU] 
Tropical Atmosphere1_130.tp6 03: 360.890 [DU] 
Tropical Atmospherel _140.tp6 03: 388.650 [DU]
03 [DU /  KM]
Figure 5-33 0 3 Profiles
It is important to note that the ‘injection’ o f contaminated layers o f  SO2 in the model 
is set as volume mixing ratio in parts per million volume units [ppmv]. Thus, a given 
mixing ratio value corresponds to different total columns o f SO2 in DU depending on 
the density o f the considered layer. Below is a comparison between the m odel’s input 
mixing ratio in [ppmv] and its output in total SO2 content in [DU].
________________ Volume Mixing Rotic [ppmv]_________
_____
J9.G
Is.o
7.0 
6X3
h>.0 j
| -4-
4.0 |I
tax)
12.0
1.0
0.4 0.0
Mixing Rolio [ppmv]
Figure 5-34 S 0 2 Input Mixing Ratio vs. output Vertical Column Content
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W ith these SO2 profiles and three O3 conditions (277 DU, 324 DU, 374 DU), the 
m odel’s output taken into account the instrument spectral sampling is:
Spectral Kadiance • total Radiance lropAtirr,SA23.0 jWlbO.3. iH.Ototfi *e-01ppniv O dl.'.pse
H-V 'e'ic«;rrtc»^t?n_5A2SvO_flllO.J-.aJC 
0 5 : 277 .610  [DUJ SD2 : 0 . 0  7iW0  [DU]
F'es 7ropMm_SA25.0LA&0»3_<l4.01(m_*«-0tppT>vJ331 ‘.psc
6cr
£
> -S
t  2_
S jrR<(- 0.5  5 o'"ji Anglu: 2E .CO
03; 277.610 -  374.770 [OUl 
S02: 4.07550 53.3510 [DU]
■sib: 0 3 -  6.3
" »0.3. p k  U: 277.610 [D J j1”7ropAi-r_SA£5.djolbG.j. :
TropAlrrL :iA25.0-AI&0.3-.0i.tHinrs .l ft-61 ppnw.J331.0G.pac 03: £77.610 [Qu]
■Tft}pA1m2SA2&.0_Alb0.3_04-.Ot<w_2® -t} lp p w _03l .36.pec 03: 374.770 [Dt/J
7<\ipAln\2SA25.tLAl&3.3_£+7Minr_6e- 31pprna.C31.00.pES 03: 277.6‘0 [Cu] 
7rop*1m_SA2&0LAl1>O.JuO4X!1<rtv_7e-O1ppmvj031.36,p»c 03; 374.770 [OU] 
7ropAl-P_5A25.>i_AI».3jC4.C1c,T_9e-3lpjnv_031.17.p9c 03: 524.6C0 (CU’]
J  L
310K'svcler jch [ m] 31 e
Figure 5-35 Integrated radiance simulations for S 0 2 laden atmospheres for three 0 3 conditions.
From figure above, we can see how the three ozone conditions can be identified as a 
group o f radiances particularly in shorter wavelengths; the added variations o f  SO2 
(from blue to red) reduce the absolute radiance and can overlap some o f  the lower 
radiances due to a higher ozone content. This is something to consider for retrieval 
algorithms, at this point is ju st to show the instrument model. A table summarising the 
parameters and assumptions made for the atmospheric model is given below:
Table 5-9 Atmospheric Model assumptions
O r b i t
Parameter Value Comment
Altitude 686km
Inclination 98°
LTAN 10:30
Type Sun synchronous
V i e w i n g  c o n d i t i o n s
View Nadir
Surface type Lambertian Flat field illumination
LTAN 10:30 Dictated by reference orbit
Latitude +/- 23 deg Tropical Latitude
Albedo 0.3 Average UV reflectivity of partially cloudy pixel
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5.4.2 Instrument Model
Once the TO A radiance has been calculated, it is then necessary to simulate the 
changes that the radiant energy will undergo through the instrument. Some o f  the 
most important characteristics and elements are:
• Optical characteristics (Transmission, Slit Function).
• Detector (Spectral Sampling, Responsivity, Noise)
•  Electronics (Bandwidth, Noise, Data rate)
The signal chain from the spectral radiance to the instrumental output is represented 
in the following diagram.
At
Sensor
Radiance
SpRad
Instrument
Output
IntRad
Electronics
Bandwidth 
Circuit Noise 
Data Rate
Detectors
Area
Responsivity
Noise
Imaging
Optics
Etendue
Transmission
Grating Optics
Slit Function 
Resolution 
Transmission 
Polarisation
Figure 5-36 Instrument Simulation Model Block Diagram
Some o f the instrumental aspects, mainly those regarding the grating optics have been 
already discussed in section 5.3.1. All others will be described in detail in the next 
chapter on instrument performance. In particular, those regarding the imaging quality 
o f the optical system will be analysed.
A summary o f  the assumptions considered when defining the instrument model is 
shown in the following table:
Optics
Parameter Value Comment
Focal length 23.9mm
Pixel size
30pm x 
30pm pixel
Ground Sample Distance
4 km x 310 
km At nadir
F/# f/6 @ 310 nm
Transmission 50% Relatively independent of polarization
Detector
Parameter Value Comment
Integration time -600 ms 100% fill factor
Responsivity 0.11 AAV @ 310 nm SciTec specifications for SG01M
Nominal Temperature 14°C
Detector Dark current (noise) 2fA SciTec specifications for SG01M
Amplifier noise 2.2 fA Burr Brown specs for DDC family
A-D noise 1.4 fA Based on 16 bits for each quantisation step
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5.4.3 Optical Design
The instrument must provide images o f  atmospheric radiance in UV wavelengths in 
nadir observation. Other viewing angles might desirable, in particular limb 
observations which would provide vertical information; however for this research, 
only nadir observation with a wide swath is considered.
An early identified limitation o f  the initial optical design, given in Figure 5-24, is the 
low optical throughput (etendue). This due to the relatively high f-number o f the 
system because o f the long focal length required to obtain the desired linear 
dispersion with the largest commercially available transmission grating. As shown 
before, once the detector size is given, then the f-number will ultimately define the 
system ’s sensitivity at least in the radiometric sense.
One way to reach a lower f-number is to achieve a wider spectral dispersion. This will 
imply a shorter back focal length for the same grating area. This can be done by using 
a flat reflective element (plane mirror) at a certain angle at the back o f  the grating thus 
reflecting the slit image back to the front and dispersing it again to the back focal 
plane. This can generate many reflections o f undesired spectral orders interfering with 
the original signal. A better approach is to use two gratings in the same transmission 
configuration to obtain a wider spectral dispersion; thus effectively shortening the 
output focal length required. This is shown in figure below.
Figure 5-37 Optical Layout
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The image performance of the system in terms of spectral and spatial resolution must 
allow a straightforward derivation of quality spectral products. Thus, the system’s 
resolution should aim to reach the diffraction limits; this is far from possible using the 
initial design based on commercially available lenses.
It was determined that the optical performance required could not be met with 
available commercial lenses alone. Therefore, a suitable bespoke lens design had to be 
made for each one of the optical elements of the spectrometer. Some of the important 
factors to consider in the optical design of each lens and the complete system are the 
following:
• Field flatness
• Coma, Astigmatism
• Aberrations
• Modulation Transfer Function
These will be described in detail in the next section, together with the optimisation 
process required to improve the optical performance of the system. One way to do this 
is to add extra elements that would correct, to some extent, undesired features. This 
can be successfully achieved if aspherical surfaces are introduced on existing 
elements. Introducing conical coefficients (departures from a pure spherical shape) is 
as effective as adding an extra surface which can correct for higher orders of 
distortions (departures from paraxial theory).
For aspherical surfaces, manufacturing is not an easy task; difficulties in sizes and 
conical coefficients can arise from the tools needed and the tolerancing required to 
achieve the theoretical performance of such surfaces. Given the scope of this research 
tolerancing of the optical system is not considered, this is a very complex process 
which requires a lot of experience and is out of the scope of this thesis.
The design and optimisation work during this research was done using Zemax. This is 
a standard optical design software tool used here to assess the performance of the 
proposed system. Unfortunately no resources were secured to build an engineering 
model of the optics to compare against this computer model.
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5.4.4 Instrument baseline specifications
The following table summarises the requirements and baseline values used for the 
instrument design:
Table 5-11 Instrument baseline specifications
A p p l i c a t i o n  R e q u i r e m e n t s
Specifications Most Significant Influencing Factors Baseline Value
S p a t i a l  R e s o l u t i o n S a t e l l i t e  A lt i tu d e  
O p t i c s  F o c a l  L e n g th  
D e t e c t o r  p ix e l  p i tc h
7  x  3 1  k m
S w a t h S a t e l l i t e  A l t i tu d e  
D e t e c t o r  L e n g th  
N u m b e r  o f  I m a g e r s
6 2 0  k m  (w ith  2  i m a g e r s )
T e m p o r a l  R e s o l u t i o n  
( R e v i s i t  T im e )
D e t e c t o r  a r r a y  s i z e  
S p a t i a l  R e s o l u t i o n  
C o n s t e l l a t i o n  s i z e
1 d a y
S p e c t r a l  C h a n n e l s  a n d  
R e s o l u t i o n
0 3 a n d  S 0 2 A b s o r p t io n
A e r o s o l s
R e f le c t iv i ty
1 0  c h a n n e l s  : 3 0 5  -  3 1 5  
n m  /  s p e c t r a l  r e s o l u t i o n  
<1  n m
2  a u x  c h a n n e l s : 3 3 1  n m  
a n d  3 6 0  n m  /  S p e c t r a l  
r e s o lu t io n  -  1 n m
S e n s i t i v i t y S y s t e m s  N o i s e  
D e t e c t o r  R e s p o n s i v i t y  
S p e c t r a l  R e s o l u t i o n  
O p t i c s  
A p e r t u r e
E q u iv a le n t  t o  <  5  D U
D y n a m ic  R a n g e C lo u d  C o v e r  
I n t e g r a t i o n  T im e
S o l a r  a n g l e s  u p  t o  8 5  
d e g r e e s
T i m e l i n e s s  a n d  
d e l iv e r y  o f  p r o d u c t s
D o w n lin k  r a t e  
N u m b e r  o f  g r o u n d  s t a t i o n s  
U s e r  i n f r a s t r u c t u r e
< 2 4  h r s  v ia  i n t e r n e t
S p a c e c r a f t  R e q u i r e m e n t s
M a s s O p t i c s  ( m a t e r i a l s ,  a p e r t u r e )  
E le c t r o n i c s  ( a m p l i f i e r s )
2 - 4  k g
V o lu m e O p t i c s  ( fo c a l  l e n g t h ,  a p e r t u r e )  
E le c t r o n i c s  ( a m p l i f i e r s )
< 0 .0 1  m 3
O v e r a l l  d i m e n s i o n s S a m e  a s  v o l u m e 1 5 0  m m  x  1 5 0  m m  x  1 5 0  
m m
P e a k  P o w e r D e t e c t o r  o p e r a t i o n  
E le c t r o n i c s
<  5  W
M e m o r y  U s a g e R e lia b i l i ty
U s e  o f  F l ig h t  p r o v e n  c o m p o n e n t s
<  1 G b i t
D a t a  r a t e R e lia b i l i ty
U s e  o f  F l ig h t  p r o v e n  c o m p o n e n t s
<  3 0  M b it /s
D a t a  F o r m a t H o s t  S a t e l l i t e L V D S / C A N
C o m m a n d  a n d  C o n t r o l  
f o r m a t
H o s t  S a t e l l i t e
L V D S / C A N
T h e r m a l  c o n t r o l H o s t  S a t e l l i t e 2 8 0 - 2 9 0  K
O r b i t  h e i g h t H o s t  S a t e l l i t e 7 0 0  k m
O r b i t  t y p e H o s t  S a t e l l i t e S u n - s y n c h r o n o u s ,  L A N  
1 0 :0 0
N u m b e r  o f  p l a t f o r m s  in 
c o n s t e l l a t i o n
H o s t  S a t e l l i t e
5  a t  l e a s t
P o in t in g  A c c u r a c y H o s t  S a t e l l i t e ± 1 .0  d e g
P o in t in g  K n o w le d g e H o s t  S a t e l l i t e ±  0 . 2 5  d e g
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6. Performance of Instrument Model
The instrument was designed to obtain a ground sample distance at nadir of 7 x 31 
km; this is considered useful according to the Disaster Management Support Group 
(DMSG) of the Committee on Earth Observation Satellites (CEOS) suggesting 10 to 
20 km of spatial resolution [55]. The calculated spatial resolution is approximately 
half the area covered by a normal OMI pixel (12 x 24 km) and approximately 20 
times smaller than TOMS (50 x 50 km). The finer spatial resolution is expected to 
minimise cloud cover scenes and increase the sensitivity in detecting SO2 
contaminated pixels. A medium swath (-300 km) for a single imager would require 
the use of two imagers in order to observe large drifting clouds and reduce the revisit 
time; it would also match the Disaster Monitoring Constellation of micro-satellites 
imager pair swath of 600 km [82]. The challenging requirements of the application 
such as: wide dynamic range and low-noise demand an extremely low circuit noise 
matched to a highly sensitive detector to ultimately define the system sensitivity. For 
this purpose a low power (< 2 W) electronic solution comprising a switched integrator 
and 20-bit Analog-to-Digital converter in a miniature device is proposed.
6.1 Optics
The optical layout was chosen to have minimum number of parts whilst maximising 
the optical throughput (etendue). It uses the largest commercially available 
holographic transmission grating, matching it with a custom-made area array of 
Silicon Carbide (SiC) photodiodes at the focal plane. The use of fused-silica lenses 
will provide good transmission and performance in the UV, and some optical surfaces 
have an aspherical design to minimise distortions and where curvatures permit, AR 
coatings can be used. The optical design was optimised around the central wavelength 
at 310 nm because of the critical requirements in this region. The performance of 
auxiliary channels is not as critical because the spectral resolution needed in those 
channels is not as demanding as in the continuous region.
6.1.1 Layout
The layout proposed is shown in Figure 6-1. The optical components are: telescope 
lens, slit, collimator lens, grating 1, grating 2, and focusing lens. On top we observe
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Channel 3 
(360 nm)
the three main optical rays o f the three wavelength regions, 360 nm, 331 nm and 305- 
315 nm (left to right). In order to avoid too many confusing lines only the on-axis rays 
are shown.
Channel 2 \
(331 nm) (305-315 nm)
Grating 2
Collimator Grating 1
Figure 6-1 UV spectrometer solid model
In order to define the field o f view, a lens (telescope) is required to transfer the 
ground sample distance required into the entrance slit o f  the spectrometer. Then, the 
basic transmission grating layout requires at least two lenses (collimator and focusing 
lens) for spectral dispersion o f the image projection o f  the entrance slit. Thus, all the 
individual optical parameters o f each lens have to match the desired spatial and 
spectral requirements o f the system overall.
As in any optical design additional elements can be added to correct for the particular 
requirements given. The use o f  relay and field lenses can effectively provide an 
improved optical performance, often at the expense o f complexity and alignment 
issues. Field lenses cannot usually be added without redesigning the objective and the 
relay to compensate for field curvature. In practice also, the field lens is often a
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compound lens (more than one singlet), so the whole system does need carful design 
and optimisation. For the purposes o f  this thesis, the optical design does not consider 
any o f  these additional optical elements. Thus, the optical layout is considered to have 
the following dimensions 8 .8  cm x 6.7 cm x 2.2 cm (Figure 6-2).
Detector
Front Aperture Grating 2
6.7 cm
Focusing Lens
Collimator Lens
Grating 1
8 .8  cm
2.2 cm
Figure 6-2 Dimensions of the optical layout
For the proposed optical system, lenses were considered to have one aspherical 
surface. M anufacturing processes limit the use o f  two aspherical surfaces per lens and 
also require a minimum diameter to work without the need to incur in unnecessary 
manufacturing costs [133] for a marginal improvement in performance and decrease 
in weight. Detailed manufacturing information is contained in Appendix D.
Optimisation
The initial design proposed in the previous chapter was entirely based on geometric 
calculations without the use o f a ray tracing or optical design program  which is 
necessary for the optimisation process. The prim ary function o f an optical design 
program is to systematically adjust the physical parameters o f an optical system so
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that it best meets the desired performance goals. In this chapter, the performance of 
the instrument has been evaluated and improved using Zemax. For the design 
program to perform this task properly, a basic system has been designed to allow 
enough variability for an optimum solution to be found. In addition, the desired 
performance goals must be realisable and properly defined using a Merit function.
Some important decisions in building a merit function relate to finding what optical 
performance is appropriate: RMS spot size, RMS wave-front error, MTF, encircled 
energy amongst others. These must be coupled and limited to the particular 
constraints for the optical elements: Min/max thickness length, edge thickness, centre 
thickness, max weight, max cost (no. elements, aspheres, material). The following 
approach was taken for optimisation of the initial design:
Table 6-1 Optimisation parameters and approach
P a r a m e t e r A p p r o a c h
S y s t e m  a p e r t u r e M a t c h e d  to  m a x im u m  s i z e  o f  g r a t i n g  a t  t h e  l o w e s t  F -  
n u m b e r
F ie ld s O n - a x i s ,  m id - f ie ld  a n d  e n d - o f - f i e ld  a c c o r d i n g  t h e  d e s i r e d  
F O V
W a v e l e n g t h C o n t i n u o u s  c h a n n e l s  s h o u l d  b e  g iv e n  p r io r i ty  o v e r  
a d d i t i o n a l  c h a n n e l s  d u e  to  r a d i a n c e s  a n d  s p e c t r a l  
r e s o lu t io n  r e q u i r e d
S u r f a c e s M in im u m  n u m b e r  o f  s u r f a c e s  i s  d e s i r e d  to  m i n im is e  
a l i g n m e n t  p r o b l e m s  a n d  w e ig h t .  U s e  o f  a s p h e r i c a l  
s u r f a c e s  c a n  b e  a  s o lu t io n  if s i z e  a n d  p a r a m e t e r s  c a n  b e  
m e c h a n i c a l l y  p r o d u c e d .
G l a s s  t y p e F u s e d  s i l i c a  is  t h e  m a in  o p t io n
P a r a m e t e r  t o  o p t i m i s e C o m p u t e r  p r o g r a m  c a n  b e  u s e d  t o  f in d  a  b e s t  s o l u t i o n  b y  
c h a n g i n g :  t h i c k n e s s ,  r a d i u s ,  a n d  a s p h e r i c a l  p a r a m e t e r s
F o c u s U s e  to o l  q u i c k  t o  b r in g  it in to  f o c u s
M e rit  f u n c t io n R M S  s p o t  s i z e  in  t h e  s p e c t r a l  d i m e n s i o n  
( i n c l u d e s  t h i c k n e s s  b o u n d a r i e s  f o r  m a n u f a c t u r i n g  
p u r p o s e s )
V a r i a b l e s D e f in e  r a d i u s ,  t h i c k n e s s ,  a s p h e r i c a l  p a r a m e t e r s
Of all these parameters the RMS spot size was constantly used to evaluate the optical 
performance of the proposed instrument. Given the detector dimensions, the aim was 
to confine all rays to the corresponding spatial and spectral pixel required.
System Prescription
Every lens element in the original layout was designed as an individual lens with the 
required focal length and aperture for its purpose. Low values of f-number (or F#) 
were aimed for whenever possible; this was not the case for the long focal length of 
the final focusing lens. For a smaller pixel size, this lens could be replaced for one
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with shorter focal length thus decreasing the overall f-number o f the system. This 
would substantially improve the system ’s sensitivity.
Table 6-2 System Description and Element specifications
Optical System 
Telescope
Thickness (Th) 
= 6.45 mm 
0  = 8 mm
F#=1.7 f=6.8 mm
Slit Slit Width 
Wslit= 60 pm
hslit Slit Height 
Hslit=4.8 mm
Th= 0.03 mm
wslit
Collimator
Th = 24.36 mm 
0  = 20 mmF#=1.32 f=17.83 mm
Grating 1 and 2
Vx
Wx=15 mm 
Wy=20 mm
Agrat= 
2.579 cm Th= 0.625mm
Focusing
Th = 3.4 mm 
0  = 25 mmF#=4.54 f=63.2
System
Total Optical 
Transmission = 
43%
F#=6.33 f=23.9 mm
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The systems prescription from Zemax is shown in Table 6-3.
Table 6-3 Optical system prescription
P a r a m e t e r V a l u e U n i t s
S u r f a c e s 1 7 -
S t o p 1 -
S y s t e m  A p e r t u r e E n t r a n c e  P u p i l  D i a m e t e r  =  4 m m
G l a s s  C a ta lo g S C H O T T  M IS C -
E f f e c t iv e  F o c a l  L e n g th - 2 3 . 9 1 1 9 6  (in  i m a g e  s p a c e ) m m
B a c k  F o c a l  L e n g th 6 0 . 1 7 3 4 7 m m
T o ta l  T r a c k 1 3 4 .0 8 7 7 m m
I m a g e  S p a c e  F / # 5 .9 7 7 9 9 1 -
P a r a x i a l  W o r k in g  FI# 5 .9 7 7 9 9 1 -
W o r k in g  FI# 6 .3 3 1 2 6 -
I m a g e  S p a c e  N A 0 . 0 8 3 3 4 9 -
O b j e c t  S p a c e  N A 2 .0 0 E - 1 0 -
S t o p  R a d i u s 2 m m
P a r a x i a l  I m a g e  H e ig h t 5 .5 2 0 5 1 2 m m
P a r a x i a l  M a g n i f i c a t io n 0 -
E n t r a n c e  P u p i l  D i a m e t e r 4 m m
E n t r a n c e  P u p i l  P o s i t i o n 0 -
E x it  P u p i l  D i a m e t e r 8 . 2 2 8 4 8 5 m m
E x it  P u p i l  P o s i t i o n - 4 9 .1 8 9 8 m m
F ie ld  T y p e A n g le  in  d e g r e e s 0
M a x im u m  F ie ld 1 3 0
P r i m a r y  W a v e 3 1 0 n m
A n g u l a r  M a g n if ic a t io n - 0 . 4 8 6 1 2 -
Etendue (Luminosity or Optical Throughput)
This term denotes the geometrical factor which determines the amount of light that 
passes from the source, though the instrument and onto the detector. The amount will 
depend on two factors [129]:
■ The area of the entrance aperture
■ The solid angle subtended at the entrance aperture by the collimator or 
dispersing element -  whichever is smaller -  or alternatively on any apertures 
in the optical system which are conjugate to these.
The concept of solid angle is of extreme importance in determining the radiant energy 
entering an optical system and is given in units of sterradian. In the same way a circle 
contains 2n radians on its circumference, a sphere contains 4it steradians on its 
surface. Thus, any given area A on a sphere surface with radius r is related to a solid 
angle £2 (given in steradians) Figure 6-3. This solid angle determines the extent of a
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three-dimensional cone with its vertex at the sphere centre. Another way to calculate 
a solid angle is from the subtended planar half angle.
Solid Angle 
RepreserctQ-tion
Solid Angle fo r  a 
flftt disc
W h e r e :
A  -  t h e  a r e a  o n  t h e  s u r f a c e  
Q  -  t h e  s o l id  a n g l e  (S A )  
r  -  t h e  r a d i u s  ( d i s t a n c e  to  A ) 
D  -  t h e  d i s c  d i a m e t e r  
$  -  t h e  p l a n a r  h a l f  a n g l e
Figure 6-3 Solid angle (a) sphere (b) Flat disc 
Thus, the etendue can be defined as the product of the area of the aperture stop of the 
optical system times the solid angle it subtends on a detector. In a spectrometer, this is 
equally well defined by the product of the area of the exit slit and the solid angle 
subtended there by the final focusing lens. The point here is that the luminosity is 
conserved as the light passes through an imaging system. Ultimately, radiance will 
reach the detector which can be considered square in shape with a linear dimension of 
p  or an area of p 2. This pixel can be considered to be at a distance/ from the aperture 
with diameter D.
-2 n  p 2P (6-1)AQ =
A - p 2 n - D 2-p*
r 4 /
n
Z)
v / y 4 F,
This new expression provides a practical way to calculate the etendue of a system 
with f-number and a given detector area (p2). The f-number of a lens is the Effective 
Focal Length (EFL) at infinite conjugates, divided by the aperture. As EFL is limited 
to paraxial rays at infinite conjugates, the working f-number makes sense when the 
object is not at infinity [134].
For the proposed optical system using (Eq. 6-1):
p F# Etendue (AQ)
5 x 10'3 cm2 6.33 3.087 x 10'5 sr cm2
Ideally, the goal for our optical system is to have a high optical throughput or etendue. 
This can be done with larger pixels or more effectively with a system of lower f- 
number. However, the complexity in optical design of low f-number often precludes 
their use in spectrometer applications. Furthermore, overall optical performance, 
distortions and aberrations are often associated with low f-number systems.
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The grating area is the effective aperture that the detector sees from a given output 
focal length. Because this focal length is fixed for the desired linear dispersion 
(Section 5.3.1), therefore the effective grating diameter defines the f-number. In 
Figure 5-24 the output focal length (125 mm) and Effective Grating Diameter (13.44 
mm) yield an f-number of 9.3. Ideally, we would like the system to work at lower f- 
number of about 4 but this can compromise the spectral performance of the 
instrument and might require additional optical elements. Thus, our achieved at f- 
number -6  is a reasonable value for our instrument model.
Optical Efficiency: Transmission and Reflection
Light is absorbed whilst propagating through glass. The amount of absorption is 
described by the transmittance of glass and is also a function of: incidence angle, ratio 
of incident to refractive media indices, polarisation state of light. On the other hand, 
reflection losses are also functions of polarisation where optical coatings are often 
used to minimize these. Coatings, on the other hand can have an angle dependence 
which further complicates a realistic simulation.
The design goal for overall transmission efficiency of the optical system given the 
excellent performance of the gratings must be greater than 50%. No angular 
dependence can be specified for relative transmission variations. The theoretical limit 
(cos4 0) due to the off-axis illumination of the optics and focal plane for an angular 
field at the edge will impose a stringent requirement on relative illumination o f -12%. 
Because of the small curvatures needed in this optical system this limit will not be 
considered as a design goal and some degree of vignetting will be allowed, since this 
can be corrected for in post-processing.
For a known fused silica lens from LINOS with thickness of 5 mm, the internal 
transmission (T) is 0.997. Using the following formula for internal transmission:
T = 10"w (6-2)
Where:
k is the decadic extinction coefficient 
i  is the thickness of the glass
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We can therefore solve to obtain the extinction coefficient k 
_ togio T
- e
Substituting the values to obtain the extinction coefficient k we obtain.
( 6 - 3 )
T C k
0.997 5 mm 2.61 x 10"* mm 1
Thus, the internal transmission for the three lenses substituting in Eq. 6-2
Lens Element Thickness (C) Internal transmission
Telescope Lens 6.45 0.996
Collimator 24.35 0.985
Focusing Lens 3.4 0.998
On the other hand, the reflectance (R) from the lenses’ surfaces can be found with the 
Fresnel Law simplified for normal incidence from the refractive index (n)
2
R = n - 1 
n + 1
( 6 - 4 )
From the ZEM AX glass catalog; the refractive index n 3ionm= L 4 8 5 1  for 3 1 0  nm 
(representative for the relevant spectral range). This yields reflectance R3ionm=0.038. 
Therefore the transmission (T) can be obtained from the surface Reflection (R) using: 
T  =  1 - R  ( 6 - 5 )
Therefore for each uncoated surface, the transmission is 
T  uncoated =  0 .9 6 2
Thus with the three lenses and six reflecting surfaces, the total transmission efficiency 
o f  the optical system is that o f the lenses and the transmission gratings. The latter is 
given from the manufacturer [ 1 2 7 ]
FSTG-UV-3000
D ispersion: 0.21'7rtm @ 300 nm
5 »
----- "E
-  -TM
tea 2ir 722 ?-io 200 200 xo 020 3*0 xo 3X 400 
W avelength (nm)
Figure 6-4 Transmission grating efficiency [127]
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Thus, the total optical efficiency is the lens efficiency multiplied by the efficiency o f 
their surfaces and the efficiency o f the gratings
X o t  =  T tel • T col • T /0 • T refl ■ T gra'2 ( 6 - 6 )
Ttel Tcoi Tf0
Trefl
(Trefl6)
T1 grat 
(Tgrat2)
T tot
.996 .985 .998
0.962
(0.792)
0.75
(0.563)
0.436
Field of View
The spatial resolution is defined by the field o f view as shown in Eq. 5-1. For the 
optical design proposed, a single UV spectral imager would have a Full Field o f  View 
o f 25.47° (12.7383° x 2) across track and 0.336° (0.168° x 2) along track
----------------------------------------------------------------------------------------------Y = 5 - 0 0 0
-------------------------------------------------------------------------------------------- ' Y  = - 5 . 0 0 0
X = - 1 5 , 0 0 0  X = 1 5 . 0 0 0
B IQ C U L R R  F I E L D  P F  V IE W  I N  D E G R E E S
L E N S  MAS NO T I T L E .
SUN RPR 2 0  2 0 0 8
X - I F Q V :  - 1 2 . 7 3 8 3  TQ 1 2 , 7 3 8 3  RT Y  = 0 . 0 0 0 0  
Y - I F P U i  - 0 , l f c 8 0  T D 0 . J E 3 0  R T  X -  -S> . 0 0 0 0  
C O N F I G U R A T I O N S : 1 
WAVELENGTH:  0 . 3 1 0 0 0 0
U V  S P E C T R O M E T E R
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Table 6-4 Field of view
6.1.2 Spectral Performance
There are many parameters that can be considered to evaluate the performance o f an 
optical system; these can be related to the imaging quality based on particular aspects. 
It is common to analyse the optical rays which can be traced from a particular point o f  
an ‘object’ through the optical system and then reaching an area (not a point) on the 
focal plane ‘im age’ where the detector is placed. Any departures from the original 
point considered into the imaged area provide an insight into the performance 
achieved. In this section, the ‘spectral’ aspects o f the imaging spectrometer arc 
discussed and in the next section the ‘im aging’ aspects are discussed in more detail. 
Because one o f the key elements in the instrument is the slit, we can analyse the 
projected shape o f this slit as an indicator o f is performance where the its width will 
define the spectral properties and its length will define the spatial properties
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Spectral resolution
The spectral resolution will be given from the projection o f the slit width. The axis 
where the slit width is projected is called the spectral dimension.
Gaussian fit A e ?l. z=(x-B)/C 
A.62.667 B. 306 025 C. 0.2685273  
FWHM = 0.63nm Curvefit
Plot
60
= 40
0 305 310 315
Spectral Dimension [nm]
Figure 6-5 Spectral Resolution (FWHM) for miniaturised UV spectrometer 
Figure 6-5 above shows the on-axis relative illumination o f the spectrometer at the 
focal plane for 11-wavelengths. These monochromatic sources (lines) fully illuminate 
the instrument’s entrance optics and at the focal plane, they appear as a series o f  
Gaussian-shaped curves. By fitting a Gaussian curve at a particular wavelength we 
can estimate the spectral resolution in terms o f  the Full W idth at H alf M aximum 
(FWHM). This fit provided a quick look into the spectral resolution but it provided a 
wider resolution than the one manually measured at exactly the half maximum. The 
real performance can only be obtained if  measured; at this point the m anually 
estimated resolution can be taken as a good estimate. The following table includes 
other wavelengths and it also shows width o f these lines in terms o f  the spatial 
dimension [mm]. It can be seen that for all wavelengths except the 360 nm the spatial 
dimensions o f  the FW HM are smaller than the proposed pixel size.
Table 6-5 Spectral and spatial
W avelength
Band
[nm]
Spectral
FW H M
[nm]
Spatial
FW H M
[mm]
305 0 .5149 0 .2293
310 0 .5403 0 .2 4 06
315 0 .5639 0.2511
331 0 .5397 0 .2 9 09
360 0.6851 0 .4817
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Spectral Alignment
Both initial alignment tasks and possible changes during launch have to be 
considered. These effects can be analysed and could be corrected if  an active system 
is used; this correction is not considered at this point but the effect can be analysed. 
For a single channel, rotation on the optical axis at the detector will translate into a 
different spectral sampling. The effect o f a 1° rotation is shown below.
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Figure 6-6 Rotation of the detector array on the Z-Axis 
In Figure 6 - 6  the top figure is the relative illumination at 310 nm, the plot in the 
middle represents various ‘slices’ o f the m easurement o f  this illumination at various 
spatial positions from edge to edge. Finally, the plot at the bottom ‘integrates’ all 
these measurements for a representative spectral resolution; the column on the right 
shows the effect o f rotation with a broadening o f  the spectral resolution.
So far we have only considered on-axis illumination o f the optical system. However, 
when the entrance aperture is filled with light from all field positions, the illumination 
at the focal plane is expected to change accordingly. Thus, by integrating the 
illumination from all fields (from -12.75° t o +12.75°) we obtain a more representative 
optical performance o f  the instrument.
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The relative illumination will decrease as the angular fields depart from the optical 
axis. Furthermore, the effective FW HM for these fields will be greater than the on- 
axis as a result o f  the extent o f  the field curvature present in the system. This can be 
seen in Figure 6-7.
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Figure 6-7 FWHM with respect to field position
On the top, the relative illumination o f one channel (310 nm) at the focal plane is 
shown; it can be seen that the effect o f integrating all angular fields adds ‘w ings’ to
the slit’s image generated at the focal plane degrading the spectral performance. The
shape and properties o f the slit image is commonly referred to as the slit function o f 
the instrument; its characterisation is critical to determine the overall performance.
On the left, the cross-section o f the illumination taken on-axis (indicated as the 
vertical red line on the top image) shows that the FW HM  o f the slit image does not 
degrade much. In contrast, on the right the slit function o f various fields towards the 
green vertical line at 12 ° on the top image are shown. It can be seen that not only the 
intensity o f the illumination decreases but also the width o f the slit image increases 
thus reducing the spectral resolution to an equivalent Gaussian slit represented by the 
thick black line which is normalised to a maximum intensity o f 1 .0  in order to 
compare against the performance on-axis on the left.
Table 6 - 6  summarises the spectral degradation o f various fields for the representative 
wavelengths in the channels considered.
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Table 6-6 Spectral changes in FWHM for various fields
Spectral FWHM in [nm] for various wavelengths
Angular
Field 305 nm 310 nm 315 nm 331 nm 360 nm
±0° 0.413 0.433 0.456 0.447 0.526
oCM+1 0.434 0.456 0.479 0.474 0.554
±4° 0.476 0.497 0.521 0.517 0.607
0CD+1 0.506 0.551 0.575 0.574 0.676
±8° 0.588 0.608 0.631 0.637 0.752
±10° 0.642 0.661 0.684 0.696 0.823
±12° 0.689 0.707 0.726 0.746 0.884
±14° 0.732 0.748 0.760 0.767 0.934
It is important to consider that not only a widening o f  the slit image occurs decreasing 
the spectral resolution; in addition, there is also a relative shift between the position o f 
the peak o f the slit image on-axis with respect to the position at wider fields due to the 
field curvature. Both aspects are shown in Figure 6 -8 .
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Figure 6-8 Spectral FWHM and offset w.r.t. angular field position
For retrieval algorithm purposes it is important to keep these angular dependences to 
the minimum. The simulated performance shown above can be considered suitable for 
the application but can still be improved as part o f the future work on a fine tuning o f 
the optical design.
6.1.3 Imaging Performance
In computer-aided lens design and evaluation, there are many analytical tools that are 
useful to evaluate the quality o f the produced images. The most important are [100]:
1. The meridional-plane, cross-sectional layout (Figure 5-37)
2. The spot diagram (Figure 6-9 and Figure 6-10)
3. The transverse ray-intercept ray fan plot (shown below in Figure 6-19)
The first two aspects will be covered in this section also including some other 
analytical tools that are also useful [100]. These are, the diffraction point spread
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function (Figure 6-15 and Figure 6-16); the encircled energy plot (Figure 6-17) and 
the Modulation Transfer Function (MTF) (Figure 6-18). The last aspect will be 
covered in the next section with more details on aberrations including the field 
curvature and distortion plot (Figure 6-22).
Spot diagrams
A spot diagram illustrates the geometrical image blur corresponding to a point object 
and it is one of the best ways to view the effect of aberrations. To construct a spot 
diagram, a single object point emits a cone of monochromatic rays; these rays are 
aimed into and uniformly fill the entrance pupil. Then, trace these rays geometrically 
through the lens and on to the image surface. The aggregate of the piercing points of 
the rays on the surface is then a spot diagram. It is a map of the impact points of the 
photons on the image surface [100]. Thus, spot diagrams are the most intuitive 
indicator of the actual optical performance. One of the most important aspects when 
considering spot diagrams is the spot size for a given field/wavelength.
Root Mean Square (RMS) Spot Size
Root Mean Square spot size is a geometric assessment of image quality, based on ray 
landing coordinates in the image plane. A set of rays is traced from an object point to 
the image plane. The radial distance from the reference point to the place in the image 
plane where the ray landed is computed, squared, averaged and the squared root is 
taken. This not only indicates where a particular field and wavelength appears at the 
image plane, but also provides an insight into the expected radiant power at that 
particular area. This is why the RMS is preferred to the geometrical spot size that 
represents the total area containing all rays traced; when the diameter of this area is 
kept to a minimum it is called ‘circle of least confusion’ and it can be used as an 
indicative of best focus.
Other alternatives to define the location of the best focus are:
• Paraxial focus: Where the paraxial image lies
• Marginal focus: Where the real marginal ray crosses the axis
• Best RMS wavefront: Where the RMS optical path difference (OPD) is a 
minimum.
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For an imaging spectrometer where one dimension represents the spectral resolution 
(wavelengths) and the orthogonal represents spatial resolution (fields), it is essential 
to take into account not only the distribution but also the orientation and geometry o f 
the spots when analysing spot diagrams. Given the application requirements it is also 
important to analyse variations o f the spots with respect to wavelength or field. This is 
discussed below.
Figure 6-9 shows three angular fields: On-axis (blue), mid-field -6.5° (green) and 
extreme field -13° (red). Because the optical system is symmetrical on its optical axis, 
the opposite fields (positive) have the same performance and are not shown. The 
increase in the spot size has been deliberately controlled by design to have the least 
effect in the spectral dimension. This is a compromise that has to be conceded; 
degrading the spatial resolution in favour o f the spectral resolution for the application 
in mind.
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Figure 6-9 Full field stop diagram for -13°, -6.5° and on-axis fields.
For any field considered, each one o f the vertical spots is the result o f  a 
monochromatic source. Zooming in a single wavelength to closely observe the 
geometrical changes in spot size with field, we obtain the following for a particular 
wavelength 311 nm:
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Figure 6-10 Spot diagram for 0 deg, 6.5 deg and 13 deg fields for 310 nm
The variations in the spatial dimensions shown are not o f great significance as long as 
they are specified. The most important implication is for the processing algorithms, as 
there will be different ground sample distances for various wavelengths. Figure 6-11 
shows how the spot size in the spectral dimension (Y) changes for all wavelengths
and all fields:
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Figure 6-11 RMS spot vs. Field for all wavelengths 
The optical characterisation o f spatial and spectral resolution will be part o f 
calibration and validation procedures. The correct spectral sampling and will play a
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vital role in the retrieval algorithms and is therefore one o f the aspects that needs to be 
considered carefully. Figure 6-12 shows an ideal alignment o f all the spectral 
channels for the same fields considered in Figure 6-9, now coloured according to the
wavelength for each spot.
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Figure 6-12 Full Field stop diagram for all wavelengths
An ideal alignment is considered when the spot size for each wavelength is similar; 
this is achieved by a tilt o f  the focal plane along the X axis by 20 degrees, this is 
shown in Figure 6-13.
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Figure 6-13 Spot diagram for focal plane tilt
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The mechanical tolerances o f  the instrument build can affect this tilt. Even though the 
expected tolerances are well below the other tilts considered in Figure 6-15, they still 
need to be well evaluated and characterised as part o f the future work.
Image Diagram
This analysis will represent the appearance o f imaged objects; this feature is based 
strictly upon geometrical ray tracing [135]. Figure 6-14 shows the image that will be 
created at the focal plane for a rectangular target in the object space.
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Figure 6-14 Image Diagram
This simulated ground target represents the FOV o f the rectangular slit on the ground 
with 1 0  equidistant illuminated squares with black gaps between them (the ideal 
projection o f 10 pixels spatially). The geometrical tracing o f  random points in this 
object through the spectrometer will cause the spectral decomposition represented by 
the different colours o f the horizontal lines in Figure 6-14. Furthermore, the 
separation in the squares will be less defined in the image plane along the spatial 
dimension (horizontal). The only way to cope with the rays falling in the inter-pixel 
gap is the use o f micro-lenses directly fitted onto the detector array. This will also 
affect the spectral dimension and this is not considered in the scope o f this research.
Juan Fernandez
- 160 -
Surrey Space Centre
6. Performance of the Instrument Model
Point Spread Function
The main difference between spot diagrams and point spread functions is that 
diffraction effects are taken on this analysis. It is necessary because it is impossible to 
image a point object as mathematically perfect point image. Energy will spread out 
around the area initially predicted by the spot diagram. The magnitude and direction 
along which the spread occurs is extremely important for any spectrometer design.
0,3053 iul RT 3.3B . 0,03 DEC. 0.3133 ^  HT 3 .30 . 0.03 DEC. 0.3153 ^  m  3 .3 0 . 0 .03 DEC.
SEE IS 161.26 m. SEE IS 165.72 m. SHE IS 176.M #».
Figure 6-15 Logarithmic point spread function for 305nm, 310nm and 315nm
This aberration-free PSF represents the ultimate imaging performance that the system 
can achieve. In figure above the irradiance (light intensity) is shown as a function o f 
position on the two-dimensional image surface. A cross-section through the middle o f 
this PSF on the spectral dimension is given in figure below.
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Figure 6-16 Point spread function cross section of spectral dimension
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From Figure 6-16 it can be seen that diffraction effects significantly change the shape 
o f  the slit image previously considered to be Gaussian-shaped. Determining the exact 
shape o f the slit function is a difficult task with a real instrument. Thus, other 
theoretical analysis can give an insight into the spectral performance o f  the instrument 
if  we consider the amount o f  energy enclosed in the spot, this is described below.
Encircled Energy
Another way o f  displaying the light distribution in a PSF is by an encircled energy 
plot. Here the integrated PSF light enclosed inside a circle is plotted as a function o f 
circle radius. The encircled energy values are usually given as a fraction or percent o f 
total illumination; that is, relative to the encircled energy for a circle o f  a very large 
radius [100]. Diffraction effects will definitely add geometrical features to the point 
spread function; in any case these features will be much smaller than the pixel size 
and therefore will not be observed. Thus, provided that all the point spread function is 
contained in the active pixel area (not the inter-pixel gap), then we are effectively 
detecting this radiation.
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Figure 6-17 Diffraction encircled energy 
Figure 6-17 shows that for the on-axis field, the energy is contained in a circle o f 
radius o f 75 (im. This value is larger than the spot size shown before because o f 
diffraction effects but it is still inside the 300 |im  x 300jim pixel considered.
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Modulation Transfer Function
The M odulation Transfer Function (MTF) is a direct measure o f how well the various 
details in the object are reproduced in the image up to the limiting Nyquist frequency 
(12.5 cycles/mm in this case). MTF values are given from zero to 100% and as such, 
it has become the most widely accepted criterion for specifying and judging image 
quality, based on Fourier analysis. Figure 6-18 shows the simulated M TF for the 
instrument modelled. For land applications this parameter can be o f  great importance 
because fine spatial details need to be spatially resolved. However for atmospheric 
monitoring, the larger scale o f the spatial features and the non-geometrical patterns o f 
the atmospheric mass observed, this is not considered to be a stringent limiting factor.
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Figure 6-18 Modulation Transfer Function for 3 fields
Because o f that, the optical design and optimisation did not consider this param eter in 
their merit function. As a result, the performance o f angular fields is not as good as 
the one obtained on-axis (Figure 6-18).
6.1.4 Aberrations
For a lens and a distant object, much insight can be gained about the aberrations by 
analysing the changes in wavelength, pupil zone and field zone with respect to its 
Focal Length (BFL)4, and Effective Focal Length (EFL ) 5 [100].
4 Distance between the vertex o f the last optical element and the focal plane.
5 Defined by the equivalent angular magnification o f the optical system.
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A summary o f some o f the aberrations analysed in this section are.
• Coma: The variation o f tilt with aperture
• Astigmatism: The variation o f focus with pupil orientation
•  Field curvature: the variation o f focus with field
The analysis o f other aberrations such as distortion (variation o f tilt with field) and 
spherical aberration (variation o f focus with aperture) are given in Appendix D.
Field Curvature
Ray fan plots are one o f the most important tools for diagnosing the nature o f  
aberrations in optical systems. It represents a collection o f rays from one object point 
that all lie in one plane. This plane is made to pass through the centre o f the entrance 
pupil, with the fan extending from one side o f the pupil to the other at various heights 
(Px and Py). When the ray intercepts the image surface, it generally falls some small 
but nonzero distance away from the chief ray. This transverse distance from the chief 
is the ray height error or aberration corresponding to a pupil zone height. This error is 
plotted on the vertical axis (E) versus the relative pupil height on the horizontal axis 
(P). The centre o f the pupil is the origin where the two axes intersect, and negative 
values on the horizontal axis represent negative values o f the pupil height. Two 
different rays can be traced for two specific fans from a given object point. These fans 
are the tangential (meridional) fan and the sagittal (radial) fan, with rays intersecting 
the entrance pupil along the y- and x-axes, respectively. These two fans thus give 
pupil heights Px and Py [100].
In Figure 6-19, an ideal optical system with a perfect in-focus image should yield a 
plot coinciding with the horizontal axis. Conversely, any separation from the the pupil 
axes (Px and Py) with a given slope indicates defocus. Thus, the nearly flat curves 
shown indicate a good focus for the 310 nm wavelength. On the Ey-axis (spectral 
dimension) o f these plots the vertical offset o f other wavelengths just indicates that 
they are at different position (not necessarily defocused) and the Ex-axis (spatial 
dimension) indicates all wavelengths are properly focused for different pupil 
positions.
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Figure 6-19 Transverse Ray Fan Plot
Curvatures on these plots represent spherical aberrations and attempts to correct these 
aberrations should yield minimum curvatures on lines traced this is our case since 
curvatures are low. Furthermore, the position along the Ex-axis indicates the height in 
the pupil where the aberrations exist.
A compromise over the pupil region to correct has to be made to minimise the 
residual errors across the entire pupil area. Corrections to these aberrations can be 
made by using additional surfaces or by using aspherical surfaces which can 
effectively act as such.
Coma
It is important to note that the separation o f some lines from the horizontal axis shown 
in Figure 6-19 is explained by the fact that a central wavelength is used as primary. 
On the tangential plane (Ey), each wavelength is imaged onto a different height at the 
focal plane (spectral dimension). However, in the sagittal plane (Ex) (the spatial 
dimension) all wavelengths show a minimised aberration thanks to the control by 
adding aspherical surfaces. The residual differences o f these plots for all wavelengths 
with respect to the axis are explained by an off-axis aberration defined as coma. This 
aberration nevertheless is well controlled and kept to a minimum.
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Astigmatism
The transverse ray fan plot is often used to indicate astigmatism. This aberration is 
generated by the change o f BFL with off-axis field angle or distance, with the effect 
being different in the tangential and sagittal directions. In order to clarify these two 
concepts, the following description is useful. A (short) line oriented towards the 
image center is called sagittal (radial), whereas a detail perpendicular to the radial 
direction is called tangential. In order to illustrate the effect o f  focus/defocus o f  these 
directions Figure 6-20 is given below.
n o  a s t i g m a t i s m  s a g i t t a l  f o c u s  t a n g e n t i a l  f o c u s
http://www.vanwalrce.com/uptics/astiumatism.htmi 
Figure 6-20 Astigmatism, sagittal and tangential focus
Astigmatism and field curvature are usually discussed together. This is because a lens 
with astigmatism has two focal surfaces, one or both o f  which are curved. For off-axis 
objects, tangential rays focus on the tangential focal surface, and sagittal rays focus on 
the sagittal focal plane.
T S
s e n s o r
Figure 6-21 Sagittal and Tangential focal surfaces 
Thus, astigmatism and field curvature together can be equivalently described as 
tangential field curvature and sagittal field curvature. If astigmatism is zero, then there 
is no difference between the tangential and sagittal focal surfaces, and this mutual 
focal surface can be either flat or curved.
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Figure 6-22 Field Curvature / Distortion
Figure 6-22 shows the curvature for the surfaces described before and also includes 
the distortions. It is important to mention that all wavelengths show a similar 
performance which can be considered useful. However, in the future optimisation 
processes can be applied more meticulously to further improve this performance.
6.1.5 Other optical aspects
There are other aspects that are important to consider when designing an instrument, 
two o f  them are briefly described in this section.
Polarisation
The light reflected by the Earth atmosphere is generally polarised. Therefore, for 
polarisation-dependent instruments the absolute radiometric calibration is less 
accurate than for polarisation-independent instruments. Thus, in order to be able to 
derive a precise column amount o f trace gas the polarisation state o f  the incoming 
radiation should be known [28]. Aerosol properties can also be determined if  
polarisation is known. The proposed gratings are not particularly dependent to 
polarisation which is an advantage, but the instrument itself does not have means to 
determine the polarisation o f the incoming radiation. One way to solve this and at the 
same time add redundancy to the system would be to duplicate the system. Thus, one 
optical system could observe the vertical polarisation and the other the horizontal.
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Given the low mass, volume and power o f the proposed instrument this can be 
considered feasible but at the expense o f extra effort in the calibration processes. 
Another alternative could be adapting an OM AD-type instrument to provide 
polarisation information. Polarisation is one topic that is suggested to look in more 
detail in the future with an engineering model.
Stray Light
The dynamic range o f  the earth’s irradiance in the UV from 270 to 330 is about three 
orders o f magnitude. Consequently, stray light scattered from the longer UV 
wavelengths into the shorter UV wavelengths could easily endanger spectral 
identification o f SO2. Thus, stray light can be produced spectrally (i.e., spillover from 
other wavelengths, such as visible stray light in the UV range o f the spectrum) and 
also spatially (e.g., spillover from light with the same frequency, but produced by a 
different geo-location/air mass) [28]. Both can be modelled using an optical design 
software which can be used to estimate the number o f rays which can potentially hit 
the detector from optical paths other than those that were considered in the design, 
this is shown in Figure 6-23 where a simulation o f launching several random rays 
from various wavelengths and angular positions into the entrance aperture o f the 
system and analysing the different paths that these rays will follow.
3 D  L R Y D U T
L E N S  H R S  NO T I T L E .  
WE D  T U L  S  2 0 0 6
U R  S P E C T R O M E T E R  N S C
T U R N  F E R N R N D E Z  
S U R R E Y  S P R C E  C E N T R E
MY NONSEQUENTIAL NSC22005COATEO. ZMX 
C O N F I G U R A T I O N  1 O F  1
Figure 6-23 Non-sequential analysis for stray light
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Figure 6-23 provides a good indication on where baffles can be placed in order to 
minimise stray light or the properties o f required coatings required. Adequate baffling 
and coatings are out o f the scope o f  this thesis and need to be carefully taken into 
account in the future work.
Stray light analysis requires taking into account reflection from surfaces and also 
internal reflections o f the optical elements. These simulations are computationally 
demanding because o f the non-sequential approach required (i.e. rays bouncing back- 
and-forth multiple times from various optical elements as opposed to the sequential 
approach where each element is analysed just once in a defined order). Stray light 
measurements will be necessary for the engineering model o f the instrument during its 
characterisation and calibration; these can be performed using bandpass filters and 
monochromatic sources. If we illuminate with a point source, there will be two groups 
o f pixels with a response 1) those for which the light was intended and 2 ) the ones 
illuminated due to stray light; in this way we can characterise for the FOV. Ideally we 
aim for 1.0% o f stray light as OMI but further simulations and characterisations o f  
stray light effect on the final products need to be analysed in the future.
6.2 Detector
The key element for the design in mind is the selection o f the proper detecting system 
for UV radiation. Silicon Carbide was selected as the best detector material for this 
purpose mainly because o f its natural response to UV and cut-off to visible 
wavelengths; and its low noise performance. Details o f this material are given next.
Silicon Carbide (SiC)
Silicon carbide, with its outstanding physical properties, is a material o f choice for 
special optoelectronic and electronic devices working under extreme conditions [136]. 
These devices have excellent UV responsivity characteristics and very low dark 
current even at elevated temperatures. They are responsive between 200 and 400 nm 
and not responsive to longer wavelengths because o f the wide 3-eV band gap. From 
all other wide-band gap semiconductors such as gallium nitride, boron nitride 
phosphide, and diamond; SiC holds the best outlook for realizing a "solar blind" UV  
imager [137].
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In order to illustrate the advantage o f SiC with respect to its spectral response, we can 
compare it with the response o f other devices often used for UV detection: One is a 
photodiode array with amplifier (Hamamatsu S8865-128) [138]; another approach 
often used to increase UV response is by back-illuminating a thinned CCD area image 
sensor (Hamamatsu S7030-0908) [139]. Their spectral response is shown next 
indicating the spectral range o f  interest.
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Figure 6-24 Spectral response of Si photodiode array (left) and back-thinned CCD (right)
The jagged response for the Si photodiode array is far from ideal for the spectrometer 
in mind. On the other hand, the CCD despite the back-thinned configuration shows 
the lowest response at precisely the wavelength range o f interest.
Because its native oxide is silicon dioxide, it possible to fabricate M OS-based CCD 
image sensors based on silicon carbide. Fundamental operation o f  the first buried- 
channel charge-coupled device (BCCD) in 6 H-SiC is presented in [140]. CCDs based 
on SiC are not available commercially; the costs o f development would be prohibitive 
for the instrument in mind. However, an area array o f  photodiodes is possible at 
reasonable cost. Not only they would provide little noise even at low light levels but 
also are resilient to radiation and ageing. Tests with a M ercury lamp at 254 nm with 
100 W /m 2 exposed for 2500 hrs showed no measurable degradation [141].
From all the advantages o f  SiC for the proposed application, the most important is the 
intrinsic cut-off to wavelengths longer than UV (Figure 6-25). It has been shown that 
radiation on the visible spectrum is two orders o f magnitude larger than at the spectral 
range o f interest. Therefore, it is a natural approach to cope with the low signal
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expected and stray light problems without the need for optical splitting or back- 
illuminated and thinned silicon CCDs. Its spectral response is shown below.
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Figure 6-25 Silicon Carbide Spectral Response
SiC is also commonly used for power devices. Cree is a German company who are the 
main supplier o f the SiC chips for various applications and is estimated to produce 
90% o f all the UV SiC detectors manufactured worldwide [142]. Some o f  the 
distributors o f commercial UV detectors are SGLux in Germany and Scitec in UK 
[143]. Having identified this material as the best option, distributors were contacted 
to find more details on their devices and eventually request a quotation for the 
required custom-made area array. Some samples o f the following photodiode were 
used for testing and characterisation purposes.
According to the manufacturer, it is possible assemble a line array SiC with 
dimension o f 0.3 mm x 0.3 mm with 0.1 mm distance to each other. This gives a 
distance between pixels o f  0.4 mm. The total number o f pixels is in principle limited 
by the header and its number o f  pins only. Up to 64 pixels would be o f  no problem 
according to the manufacturer. A smaller pixel size is not easy to achieve such as the 
Hamamatsu NMOS linear detector S3904-256Q (2.5 mm x 25-50 pm) [144]. To get a 
smaller pitch, new etching masks have to be defined for the SiC semiconductor 
processes; this is extremely expensive.
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Table 6-7 Shows the specifications o f the photodiode used for testing which is 
representative o f the a pixel o f the proposed array.
Table 6-7 SiC photodiode detector specifications SG01M [143]
Ultraviolet selective SiC based UV sensor 
SG01M
General Characteristics 0 7  =  2 5  *0)
Param eter Sym bol Value Unit
A c tiv e  a r e a A 0 .22 m m 2
DarK c u r re n t  a t  
1 V  r e v e r s e  b ia s Id
2 fA
C a p a c i ta n c e C 8 0 p F
S h o r t  c irc u it c u r re n t  
a t  b r ig h t s u n b
c a .  1 8 0 nA
Spectral Characteristics  0 7  =  2 5  *C)
Param eter Sym bol Value Unit
M ax. s p e c tra l  s e n s itiv ity Srnx 0 .1 3 A W 1
W a v e le n g th  of m ax . s p e c t r a l  s e n s itiv ity ^Sraax 2 8 0 n m
R a n g e  of s p e c tra l  s e n s itiv ity  
(S=0.1*Sim >
- 2 2 0 - 3 5 0 n m
M aximum Ratings
P aram eter Sym bol Value Unit
O p e ra t in g  te m p e r a tu r e  r a n g e "l"cp‘ - 2 5 . . .  + 7 0 C
R e v e r s e  v o l ta g e V rX3X 20 V
It is possible to fabricate an area array o f SiC detectors connected in a matrix-like 
manner o f 10 by 10 detectors. According to the manufacturer, this can be expanded to 
50 x 50 pixels for the same pixel pitch. However, there is always a risk that one o f the 
dies or the bondings might fail and this increases with the number o f pixels. The price 
will definitely increase with the number o f pixels [142]. Moreover, the increasing 
number o f pixels will require additional power and calibration efforts.
Knowing the feasibility o f the proposed arrays, the following table describes their 
characteristics; every square represents a pixel o f 30 pm x 30 pm, and their relative 
illumination is displayed for the three wavelength ranges o f the proposed channels.
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Table 6-8 Detector array configuration and specifications
Detectors
o> 310
Spatial Dimension 
(Pixels)
10x10 
Silicon 
Carbide 
photodiode 
area array
Pixel size:
300 pm x 300 
pm
Pixel gap:
100 pm
Spectral 
Range: 305- 
315 nm
Spatial Dimension 
(pixels)
10x1 
Silicon 
Carbide 
linear array
Pixel size:
300 pm x 600 
pm
Pixel gap:
100 pm
Central 
Wavelength 
30 nm
£  361O)
I ?o c
§
£  359
360
Spatial Dimension 
(Pixels)
10x1 
Silicon 
Carbide 
linear array
Pixel size:
300 pm x 600 
pm
Pixel gap:
100 pm
Spectral 
Range: 305- 
315 nm
Detector dimensions were required for the design o f the optical system including the 
grating layout described in 5.3.1. According to the detector manufacturer, it is also 
possible to add a D-shaped quartz lens on to the linear array but the lens dimensions 
(including focal length) have to fit exactly to the package. This option was not 
considered in the design for the extra-complexity required in selecting an appropriate 
cylindrical lens. The total cost for developing the required detectors is given next 
according to private communication with the distributor who mentioned an estimate 
delivery time o f about seven weeks:
1 0 -pixel array £ 610.00
64-pixel array £1,210.00
10 x 10 SiC array £ 1,970.00
Lens onto Detector £ 225.00
These prices are for the detector array without reading electronics and it is exclusive 
o f VAT. According to the manufacturer a second piece would be 20% less [142].
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6.3 Electronics
The output from the photodiode array is the input for the switched integrator’s 
Analog-to-Digital Converter (ADC) [106]. The switched integrator contains controls 
on how the photodiode array readouts are driven to select scan rates and dynamic 
range. This requires additional electronics to drive the signal controls to the detector 
arrays.
6.3.1 Switched Integrator and ADC (TI-DDC232)
The DDC232 is a 20-bit, 32-channel, current-input ADC converter. It combines both 
current-to-voltage and analog-to-digital conversion so that 32 separate low-level 
current output devices, such as photodiodes, can be directly connected to its inputs 
and digitised. For each o f the 32 inputs, the DDC232 provides a dual-switched 
integrator front-end. This configuration allows for continuous current integration: 
while one integrator is being digitized by the ADC, the other is integrating the input 
current. Adjustable integration times range from 166ms to Is, allowing currents from 
fAs to mAs to be continuously measured with outstanding precision. The DDC232 
uses a +5V analog supply and a +2.7V to +3.6V digital supply, operating over the 
temperature range o f 0°C to +70°C [106].
Some advantages o f this device are:
• Integral linearity: ±0.025% o f Reading ±1 .Oppm o f FSR
• Very low noise: 5.3ppm o f FSR
• Low power: 7mW/channel
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Figure 6-26 DDC112 Functional Block Diagram [145]
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The block diagram o f the DDC232 is shown in Figure 6-26. The device contains 32 
identical input channels that perform the function o f current-to-voltage integration 
followed by a multiplexed digital conversion. Each input has two integrators so that 
the current-to-voltage integration can be continuous in time. The output o f the 64 
integrators is switched to 16 delta-sigma (AS) converters via multiplexers. With the 
DDC232 in the continuous integration mode, the output o f the integrators from one 
side o f the inputs will be digitized while the other 32 integrators are in the integration 
mode. This integration and ADC process is controlled by the system clock, CLK. The
results from side A and side B o f each signal input are stored in a serial output shift 
register. The DVALID output goes low when the shift register contains valid data.
r-e/fo-II---- ■6 VREF
Range[t] Eit
Input
Current INI
To Convert-
ESO A
Photodiode
Integrator E (same as A)
Figure 6-27 Basic integration configuration [145]
The input ranges and gain settings o f a DDC-232 can be programmed to seven 
predetermined values through the software. Likewise, one can install four external 
capacitors (C9, CIO, C ll ,  and C l2) and design a bespoke gain setting. The gain 
options that are available are summarised below:
Table 6-9 Dynamic range selection for the DDC232 (1 ms integration time)
Range[2] Range[1] Range[0] Cf 
(pF» typ)
INPUT RANGE 
(pC, typ)
0 0 0 3 -0 .04  to 12.5
0 0 1 12.5 -0 .2  to 50
0 1 0 25 -0 .4  to 100
0 1 1 37.5 -0 .6  to 150
1 0 0 50 -0 .8  to 200
1 0 1 62.5 -0.1 to 250
1 1 0 75 -1 .2  to 300
1 1 1 87.5 -1 .4  to 350
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The relationship between the integration time, input current, and input charge is 
summarized in the formulas below:
I  =
int
e . V.or ref (6-7)
I  C l1 in mt 1 in
W here
lint= integration time in Seconds [s]
Qin = Input charge in Coulombs [C]
Ijn = Input current in Amperes [A]
Given the multiple channels required for the detector array various switched 
integrators need to be interconnected. M ultiple DDC232 units can be connected in 
series (Figure 6-28). In this mode o f operation, the serial data output is shifted through 
multiple DDC232s. This is a great advantage to obtain the final readout for all the 
channels.
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Figure 6-28 Daisy-chain of multiple DDC232 devices [107]
For a single channel, the odd and even pixels go through different shift registers and 
gain stages (Figure 6-27). Slight differences in the gain will lead to odd-even 
variations in the serial raw data o f a channel. W hen multiple channels and devices are 
cascaded there will similar variations. Empirical coefficients to account for these 
variations are needed. These coefficients will need to be derived and corrected in the 
radiometric calibration procedures.
6.3.2 Interface and Evaluation Board
The DEM-DDC112U-C evaluation fixture is designed for ease o f use when 
evaluating the DDC112 precision integrating analog-to-digital converter. This kit 
includes a PC interface board and DUT board, allowing performance evaluation o f  the 
DDC112 at the PC. It automatically calculates Signal-to-Noise Ratio (SNR) and 
allows an easy determination o f the gain and offset calibration coefficients for each 
channel [107].
Juan Fernandez Surrey Space Centre
- 176-
6. Performance of the Instrument Model
PC Interface 
Board
Analog Input
+5VDC, 150mA typ.PC
Power Supply
Figure 6-29 DDC112U-C Evaluation Board Test setup diagram [107]
PC Interface Board
The PC interface board contains the circuitry used to control the D D C 112 timing and 
the interface to the PC. Full control o f the DDC112(s) is accomplished via registers 
that contain information controlling the DDC112 gain, integration time, data clock 
rates, num ber o f  DDCs, and readback delay.
Photodiode 1
Photodiode 2
Thermometer
Figure 6-30 Evaluation Board: PC interface and DUT Board
DUT Board
This contains a socket for one DDC112 to be tested, data buffers, 4.096 V reference, 
decoupling capacitors, sockets for optional input circuits, sockets for optional external 
gain configurations and an analog breadboard area.
Figure 6-31 DUT Board with 2 SiC photodiodes
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Because o f the low noise requirements on this test, the photodiodes were directly 
placed on the evaluation board rather than using the BNC inputs. This configuration is 
a more realistic simulation o f how the photodiode arrays will be interconnected to the 
switched integrator.
6.4 Radiometric Calculations
As described in section 5.4, there are two models used for calculations o f the 
instrument response. The atmospheric model will provide the estimated signal 
(radiance) that will enter the imager whilst the instrument model will define the signal 
level generated by the photodiode array for the given radiance. In addition, the noise 
performance o f the detector and electronics are taken into account in the instrument 
model. Thus, the signal-to-noise ratio can be calculated for any given target radiance.
In Section 5.3.2 the dynamic range was analysed based on OMI calculations where a 
variation o f at least two orders o f magnitude is observed [81]. This range comprises a 
minimum, nominal and maximum scenario based on the radiance values. Here for 
signal calculations, the range considered is expanded to five orders o f magnitude to 
include lower signal levels. The extra range comprises the differential radiances 
expected with SO2 loads; these will be used for retrieval algorithms. Therefore it is 
important to also define SNR for these conditions.
6.4.1 Signal
The following calculations will estimate the power received by each pixel for the 
given radiance values with the instrument parameters defined previously. The radiant 
flux (<D) can be calculated from the radiance (L), the etendue (Z) and the optical 
efficiency or total transmission o f the optical system (T)
<D = L Z T  (6 -8 )
In order to calculate the expected photocurrent generated by each pixel given the 
radiant flux values, the detector’s responsivity (p) needs to be taken into account. 
Even though this parameter is wavelength dependent, because or dynamic range we 
can consider it to be constant for a given wavelength range (305-315 nm).
Ipix= ® pix-P (6-9)
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The following table describes the conditions, randiances and fluxes considered for the 
dynamic range, these are referred to radiances at top o f the atmosphere for a standard 
tropical atmosphere and typical content o f ozone (277 DU) with Solar Zenith angle o f
25° and 3% albedo.
Table 6-10 Dynamic range considered for signal levels
R a d i a n c e  (L ) F l u x  (O )
F l u x  (O )  
p e r  p i x e l
C o n d i t i o n [uW sr'1 cm'2] [phot/s sr'1 cm'2] [pw] [pw]
Differential Radiance 
<2 DU S 02 1.00E-03 6.81 E+08 0.135 0.013
Differential Radiance 
~2 DU S 02 (layer at 5 km) 0.01 6.81 E+09 1.347 0.135
Min abs Radiance 
@ 305 nm 0.1 6.81E+10 13.475 1.347
Avg Radiance @ 310 nm 1 6.81 E+11 134.747 13.475
Half Maximum Radiance 10 6.81E+12 1.35E+03 134.747
Because the optical system considers 10 pixels in the spatial dimension, the flux 
entering the slit can be considered to be evenly distributed on all pixels if  we neglect 
the angular dependence. Using this assumption for illustration purposes we obtain the 
following plot o f Flux vs Radiance (Figure 6-32).
At Sensor Radiant Flux
MO'
- Optical System Flux 
Single Pixel Flux
100
0.01
Radiance [^W sr 1 an 2]
Figure 6-32 Flux vs. Radiance
6.4.2 Noise
Another important reason in choosing SiC detectors for this instrument apart from the 
visible blindness is the excellent noise and thermal performance. For a back-thinned
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CCD, the minimum dark noise expected is -1 0 0  fA, this about 20 times the expected 
detector noise o f SiC which is also less sensitive to temperature variations. The 
greater number o f  pixels in a CCD would allow finer spectral resolution if  dark noise 
can be kept to a minimum. However, a CCD based system will require additional 
filters to reduce stray-light which would affect the transmittance to a higher degree.
The specifications o f the detector can be used to calculate the noise performance, 
assuming that the electronics interface module would not contribute significantly to 
the noise budget. However, for this application the imager electronics are expected to 
introduce comparable level o f  noise when compared to the total detector noise as we 
will show below.
Bandwidth
Because o f the switched integrator electronics architecture proposed, the bandwidth o f 
the system is needed in order to calculate the total charge integrated for each sample 
taken. This amount is calculated from the time required to scan one line from a given 
orbital height (h) ground velocity (v) and IFOV (aiFov) [130].
(6- 10)
Scan Tim e vs Field o f  V iew
Field of View [deg]
Figure 6-33 Scan time vs. Field of view 
Substituting an orbital height o f 6 8 6  km, an approximate velocity o f  7 km/s and an 
IFOV o f  0.34°; the time to scan 1 line is 581.54 ms.
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The system ’s bandwidth is given by the inverse o f the time to scan one line because it 
is an integrated sample and not a Nyquist sampling.
B W  =     (6-11)
h • (XIFOV
v h Gifov BW
7 km/s 686 km 0.34° 1.72 Hz
Detector Thermal Noise
Knowing the excellent thermal properties o f silicon carbide, it is expected that the 
noise will be determined by the circuit’s performance. Thermal noise, also known as 
Johnson noise is generated by the random thermal motion o f electrons. Photodiode 
thermal noise is caused by its shunt resistance (Rsh) and is directly proportional to the 
absolute temperature (T) and Bandwidth (BW).
4 kB -T B W
N John son  ~  J  ( 6 “ 1 2 )
T BW Rsh Hj0hnson
1.3 8x1 O'23 m2 kg/K s2 290 K 1.72 Hz 10 GQ 1.66 fA
Moreover, the low system bandwidth also has a positive impact on the expected noise 
performance o f the detector alone. The thermal noise performance with respect to 
bandwidth is given in the following figure:
Johnson Noise
—  27 deg C
 47 deg C
-O- 47 deg C. 1.72 Hz4
1
0
60 4 8 10
Bandwidth [Hz]
Figure 6-34 Noise current (Johnson) vs Bandwidth
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An increment o f 40 degrees from nominal temperature is considered for even higher 
bandwidths and the expected Johnson noise for the proposed system is also shown.
Detector Shot Noise
The detector will have fluctuations in the response to a signal o f a given level that are 
independent o f temperature. Shot Noise is generated by the random fluctuations in the 
normal current flow through the P-N junction. Because each electron carries a discrete 
amount o f charge and the flow o f electrons is subject to small random fluctuations, a 
noise current is generated. According the manufacturer the dark noise current (Ndark) 
is 10 fA and since the photodetector is used in photovoltaic mode, no bias is applied. 
Therefore, the only current through the detector is the dark current
N + , = 4 2 - q - N M -BW (6-13)
q Ndark BW Nshot
1.602 x 10'iy C 10 fA 1.72 Hz 0.074 fA
Total Detector Noise
The total noise level o f the detector noise is obtained by taking the values o f the 
separate noise sources and adding them in quadrature.
N Detector =  V  ^ J o h n so n  +  N s h o ^  (6-14)
Njohnson Nshot Noetector
1.66 fA 0.074 fA 1.661 fA
Circuit Noise
The limiting factor in the sensitivity o f the proposed system is the noise generated by 
the detection and read-out electronics. The DDC112 combines the functions o f current 
to voltage conversion, integration, programmable full scale, A/D conversion, and 
digital filtering to produce precision, wide dynamic range results.
The dual switched integrators o f the A/D converter utilize a differential input 
topology, with the non-inverting input internally tied to VREF. Before each 
measurement the integrator is reset to VREF. Additionally, the offset, offset drift, 
noise, and temperature-dependent errors are corrected at that time [106]. Thus, the
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reference voltage plays a critical role in the noise performance o f the circuit; a 
recommended circuit to be used as a reference is the following:
+5V
?  C 1CuF
' H b .
"o VREF Pin on 
the :CC232OP A3 50
10MF C 10PF
Figure 6-35 Recommended External Voltage Reference for Best Low-Noise Operation [106]
W hen the circuit layout is designed, care should be taken to keep the digital activity as 
far away from the analog pins as possible. This is an effective way to minimise noise. 
Oversampling and digital filtering can further reduce system noise dramatically. 
Correlated double sampling captures and eliminates steady state and conversion cycle 
dependent offset and switching errors that are not eliminated with conventional 
analog circuits [106]. The typical characteristics for the DDC family o f switched 
integrators are shown below:
T Y P I C A L  C H A R A C T E R I S T I C S
At Ta = 2 5 =C, u n le s s  o therw ise  indicated.
NOISE vs Csensor NOISE vs C SENSo r
Low-Power Mode 
or
H ah-Soeed Mole
Range 1
V 12
Range 2
s 1C
Range 7
Noise (ppm of FSR, rms)
wtE!JiCP
(PF)
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1
Range
2
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3
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4
Range
5
Range
6
Range
7
0 S3 3 3 55 6.2 5.0 4.6 4.8
22 12.4 8.0 5.4 6.8 5.4 6.1 5.0
47 15 3 0.7 7.5 e.s 3.0 6.5 53
Figure 6-36 Typical Noise Characteristics [106]
Based on the m anufacturer’s specifications, it is possible to estimate the total noise 
generated by the switched integrator and ADC solution proposed.
orC  = I  tpix pix scan C  - I  • tNoisepix Noisepix scan (6-15)
^ D e te c t o r T1 in tegra tion C N oise
1.66 fA 581.54 ms 0.966 fC
In order to calculate the total noise charge accumulated for each pixel with the given 
noise photocurrent o f the detector, the integration time is taken into account. The
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circuit’s charge noise CNoise for a 100 pF detector using the 50 pC full scale range 
according to the manufacturer is 0.84 fC [143]. Thus, given the integration time we 
can calculate the root mean square (RMS) equivalent noise current o f the circuit.
AT   ^ N o is e (6-16)
C  N oise ^in tegra tion ^ C i r c u i t
0.84 fC 581.54 ms 1.44 fA
Finally, the estimated total noise given the detector and circuit noise can be calculated 
by adding these in quadrature.
N.total + NDetector Circuit (6-17)
Noetector ^ C i r c u i t Ntotal
1.661 fA 1.44 fA 2.201 fA
Previous calculations were based on the m anufacturer’s specifications, for proper 
noise estimation, the setup described in section 6.3 was used to measure the noise ( l a  
standard deviation) o f the circuit. Photodiodes were operated covered as shown in 
Figure 6-30 in order to obtain their response to a dark signal. Integration times ranged 
from 100 to 1000 ms and all possible full scale options given from the feedback 
capacitor were tested (Figure 6-37). The full scale charge ranges from 50pC to 350 
pC. Results in Figure 6-37 were obtained at room temperature and are considered a 
worst-case representative o f the circuit’s noise performance
Integration Time vs Circuit Noise[fA]
10.0
</i
Oz
□o
L.
o
350.0 [pC] FSR
300.0 [pC] FSR
250.0 [pC] FSR
200.0 [pC] FSR
150.0 IpC] FSR
100.0 [pC] FSR 
50 00 IpC] FSR
4.0
2 0  -
200 400 600 800 1000
Integration Time [ms]
Figure 6-37 1-sigma Circuit Noise vs. Integration Time
As expected, longer integration times yield lower noise which is defined by the 
standard deviation o f the detected current. For a longer period the signal is effectively
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averaged closer to its mean value; this is observed in Figure 6-37. It can be seen that 
for higher lull scale ranges, the quantisation steps will translate into a larger noise 
standard deviation. However, given the dynamic range o f  the expected radiance, the 
lowest full scale range is chosen for operational purposes on the instrument; this is 
indicated by the red circle for the 50 pC and integration time o f 581.54 ms.
6.4.3 Signal-to-Noise
Once both the signal and noise levels are known, the SNR can be calculated. SNR 
performance is not expected to degrade significantly with time. The factors directly 
affecting SNR are:
• Etendue or optical throughput (Signal)
• Dark current (Detector noise)
• Electronics noise (Circuit Noise)
• Quantisation noise (ADC Noise)
A SNR target >1000:1 RMS is expected from all channels, defined for the nominal 
scenario. An average viewing geometry was selected, corresponding to a geometrical 
AMF o f 3, some clouds present in the pixel giving and average albedo o f  0.03. For 
these nominal conditions, the corresponding signal-to-noise values are shown below:
SNR vs Photocurrent
MO
— SNR Detector
- SNR Switched Integrator 
■ SNR TransimpedanceMO'
100
T
i
1-10 0.01
Photocurrent [pA]
Figure 6-38 Signal-to-Noise vs. Photocurrent
Signal to Noise Ratio (SNR) is extremely important for O3 and SO2 retrieval. The 
SNR ratio below 310 nm affects mainly the retrieval precision in the stratosphere
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[146]. Typical SNR values for OM I are below 1000 in the UV-2 close to 310 nm, and 
between 50 and 100 in the UV-1 [28]. Because in the UV-1 channel (<305 nm), the 
ground and the lower atmosphere are not visible, larger ground pixels can be used to 
meet the required signal-to-noise ratio [81].
i--------1— i i— i i— i— |— i i— i i i i i i i | r
SZA= 50°
SotZA— 30
_ Surface
Reflectivity^ 0.05
Radiance
325DU
A bso lu te  R ad io n ce  Sensitiv ity
1 DU of S02 ot 20km  
. 1DU of S 0 2 at 1km
w 1 0
*■ ! \  > '  * \  1 OMI n o i s e  e q u iv a - e n t  r a d i o n c «| 1 I V / * V
• v f  \  * \ L r _
UV imager estimated Noise
300 310 330 340320
Wavelergth, nm
Figure 6-39 Radiance and Sensitivity and Noise Equivalent Radiance for OMI [43].
The estimated noise for the proposed UV spectral imager is comparable to those o f 
OMI with the exception that there response is even for all wavelengths comprised in 
the miniaturised instrument. It is worth to mention that the ultimate sensitivity can 
only be derived with a real engineering model which was not possible during this 
research. The SNR performance can be tuned to a desired value if  the integration time 
is properly selected. A longer integration time can effectively improve the noise 
performance as shown before. Therefore the green line on Figure 6-39 can be shifted 
vertically to a given value by tuning the integration time. The differential radiances 
shown for two SO2 contaminated atmospheres can be considered representative but 
not equal to the actual spectral performance o f the instrument proposed here. The 
instrument or slit function will be the ultimate definition for the particular spectral 
sensitivity.
The following table shows the SNR values obtained with the instrument model for the 
scenarios and integration time considered previously.
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Table 6-11 Signal to Noise Ratio for different conditions
C o n d i t i o n S N R
Differential Radiance <2 DU S 02 0.113
Differential Radiance ~2 DU 
S 02 layer at 5 km 11.343
Min abs Radiance @ 305 nm 1.13E+03
Avg Radiance @ 310 nm 1.08E+05
Half Maximum Radiance 7.75E+06
6.5 System Performance
One o f the most important aspects to demonstrate the potential o f the proposed system 
for the application in mind is to evaluate its noise performance. A representative 
model can be considered for practical experiments using the evaluation board 
described in Section 6.3.2.
The test set-up consisted o f a 150 W  Xenon arc light source using a highly-stable 
power source. The beam from the light source is then focused on the input slit o f  a 
manual monochromator. The output o f  the monochromator is then sent to either: a) 
power meter, b) UV spectrometer or c) to the test photodiode on the evaluation board. 
This setup is shown below:
Focusing Lens
Monochromator
Power SourcePower Meter
Figure 6-40 Experimental test setup (Optical input)
The light source used contains an Osram XBO150-W /1 Xenon short arc lamp. In this 
type o f  lamps, the discharge arc bum s in an atmosphere o f pure xenon gas at high 
pressure. Their main characteristics and advantages are as follows: High luminance, 
daylight colour temperature (-6000 K), continuous spectrum in the UV and visible 
range, high arc stability and DC operation.
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Focusing Lens
M onochromator,
^  Entrance Slit
Figure 6-41 Focusing Lens to Monochromator’s entrance slit
The entrance slit o f  the monochromator is focused using a lens. The m onochromator 
used has a FW HM  spectral resolution o f ~2nm  and the wavelength can be selected 
using the manual dial. The output o f the monochromator is then coupled to a suitable 
(solarisation resistant) UV optical fibre with a radius o f 600 pm (Figure 6-42).
Monochromator
Optical Fibre Exit Slit] Entrance Slit
Figure 6-42 Optical fibre coupling from monochromator’s output slit
For most experiments, the fibre was then coupled to one o f the SiC photodiodes 
placed on the evaluation board Figure 6-43. Other configurations used were the 
coupling o f the fibre with a commercial UV spectrometer and to a power meter using 
an integrating sphere; these other configurations are described below.
Monochromator
Optical Fibre
Evaluation b o a 'd
Figure 6-43 Experimental test setup (Optical output)
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Optical Fibre
Therm om eter
6.5.1 Detector Responsivity
In order to experimentally determine the detector’s spectral response, a UV 
spectrometer (Avaspec UV-400 from Avantes) was used. Using this spectrometer, it 
is possible to analyse the light source spectrum and then compare against the detector 
output in order to derive its relative spectral responsivity. A second UV light source 
and bifurcated optical fibre were also available for this test but the results are not 
included here.
UV light source
Electronics Pow er Supply
UV spectrom eter
DEM DDC1 121)
MHP
C hi Input
Optical Fibre
Figure 6-44 Experimental test setup (Electronics input)
The digital output o f  the spectrometer when coupled to the m onochrom ator’s output 
with an estimated spectral resolution o f ~5nm is shown next.
Wavelength vs. Avg Counts
1 . 5 x 1
Wavelength [nm]
Figure 6-45 Light Source Spectral Response
V)
i 1 .0 x 1  
0
o
CD
<  5 .0 x 1
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After recording the spectral response o f the light source, the same set-up was used, 
now coupled to the silicon photodiode on the evaluation board. The comparison 
between these measurements will result in the relative responsivity o f the detector. 
Because no radiometric measurement was taken it is not possible to derive the 
absolute response o f the photodiode. Therefore, the signal recorded from the test setup 
has been scaled to the specification from the m anufacturer and it is shown below:
3 0010
CJ 0.008
0 006
280 300 320 340 360 380
Wavelength [nm]
Figure 6-46 Detector responsivity (measured)
Given that the light source is used as a solar simulator because o f  its spectral 
response; it is therefore valid to consider the experimental relative magnitude as an 
equivalent radiance that the instrument will observe in-orbit. The detector’s response 
to solar radiation will peak between 310 nm and 315 nm precisely in the same region 
where OM I and GOME face their spectral response trade-offs to reduce stray light.
6.5.2 Thermal Performance
Knowing that the performance o f the detectors will not be affected as much as the rest 
o f  the associated electronics, it is valid to consider its specified thermal performance.
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Figure 6-47 DDC112 Noise vs Temperature [106]
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In order to check the real thermal performance, it is reasonable to test a sample o f 
detectors on representative read-out electronics. Thus, in order to determine the real 
thermal performance o f the system based on a DDC switched integrator; the 
electronics were heated up using a high power halogen lamp. The lamp was on just 
during the warming up and then switched o ff when measurements o f  the detectors in 
dark were taken. The on-chip temperature o f the DDC was recorded and the results 
obtained are given in the following table:
Table 6-12 DEM-DDC112 Evaluation board measured thermal performance
Mean [fA] 1-sigma Standard Deviation [fA]
Temp
PC]
channel
1a
channel
1b
channel
2a
channel
2b
channel
1a
channel
1b
channel
2a
channel
2b
30.5 2.24 2.44 1.45 2.62 1.23 1.56 1.28 1.43
32 2.95 3.23 2.10 3.86 1.39 1.53 1.52 1.54
33 3.73 4.00 2.36 4.66 1.62 1.58 1.62 1.56
33 4.46 4.65 2.62 5.26 1.74 1.74 1.59 1.37
35 5.67 6.36 4.10 7.68 1.89 1.78 1.91 1.68
35.5 6.84 6.91 4.22 8.28 1.65 1.82 1.70 1.77
36.5 7.34 8.01 5.00 9.37 1.80 1.82 1.73 1.91
37 8.62 8.99 5.66 10.65 1.61 1.88 2.19 1.87
37.5 9.05 9.11 6.07 11.51 1.72 2.16 1.80 2.13
38 9.81 9.95 6.41 11.84 2.10 1.84 2.02 1.83
39 11.54 11.13 7.26 13.42 2.04 2.20 1.97 1.78
39.8 12.25 12.46 8.19 15.22 2.20 2.43 2.06 2.37
40 13.54 13.51 8.71 16.44 2.21 1.97 2.25 2.03
As expected, temperature affects more the rest o f the electronics than the detectors 
themselves. Moreover, all channels have a similar thermal behaviour (Figure 6-48).
Dark Noise Current vs Temperature
18.00
16.00
14.00
1ZOO
=• 10.00
y = 7E-10X64843 
y = 2E-09x®1508 
y =5E-10x6514
y = 3E-10x65336
34 36
Temperature [CJ
♦ nreanla(fA)
■ meanlb (fA)
mean2a(fA)
X rrean2b(fA)
Rv/er (mean2b (f A))
Rwer (meanlb (fA))
ftvver (rreanla (f A))
Ffcwer (mean2a (f A))
Figure 6-48 Dark noise current vs temperature
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In Figure 6-48, the mean for the dark signal o f two channels is displayed. Each 
channel consists o f two amplifiers for continuous sampling; these amplifiers and their 
capacitors are assumed to be identical. However, even slight variations between them 
will cause the differences observed above.
The difference between channels is larger for higher temperatures and it follows an 
exponential power law. However the range considered is not the operational range. 
The in-orbit expected temperatures will be much colder than these tests which give 
confidence on expected real performance on the flight model. Another way to observe 
the effects on the electronics due to the temperature is to take the standard deviation 
o f the dark noise observed previously. This is shown in figure below:
Std Dev Noise vs Temperature
3.00
2.50
2.00
1.50
1.00
0.50
0.00
34 36
Temperature [C]
y=0.0856x- 1.2876 
y=0.0734x-0.768
y=0.082x-1.1264 
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x stdv2b (fA)
 Linear (stdvla (fA))
 Unear (stdvl b (fA))
Unear (std\/2a (fA)) 
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Figure 6-49 1-sigma standard deviation dark current noise vs. Temperature
A linear increment with temperature is observed for the two channels and their 
integrator pairs. However, even for the highest temperature considered, the signal 
level is just comparable with the dominant noise due to the mean o f  the dark noise 
current. For the detector array proposed it is very important to characterise the thermal 
behaviour for all channels. This can only be carried out pre-flight and any potential 
degradation can be tracked in orbit during night, when the observations can be 
considered as effective dark signal measurements. More on the characterisation and 
calibration proposed for the UV imaging spectrometer are given in the next section.
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6.5.3 Calibration
One critical aspect in instrument design is the calibration procedure. The instrument 
has to be properly calibrated and characterised pre-flight. During the on-ground 
calibration effort, the following calibration parameters have to be measured: absolute 
radiance, absolute irradiance, including their swath angle dependences, spectral 
accuracy and stability, slit function as a function o f  wavelength and swath angle, 
viewing properties, stray light, overall polarization dependence, detector and 
electronics characteristics [28].
The environmental conditions and the variation o f  the instrum ent’s performance under 
those conditions have to be taken into account. For example, vibration tests not only 
will check the instrum ent’s mechanical robustness but will also help to determine the 
expected variations o f the instruments characteristics during launch. It is expected that 
optical changes and misalignments can result in spectral and spatial shifts. Therefore 
the need for in-orbit mechanisms to make sure the ground-based calibration is 
maintained.
Focusing
As described above, vibration and mechanical stress can affect the instruments 
alignment. The effect o f an induced shift in the focal lens due to mechanical shifts o f 
the lens elements is shown in Figure 6-50 for all wavelengths.
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Figure 6-50 Through focus spot diagram
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It can be seen that for all fields the effect o f defocusing (moving the focal plane from 
- 1 0 0 0  pm to + 1 0 0 0  pm from the ideal position) do not have a significant effect in the 
spectral separation between channels neither does affect the spatial dimension to an 
extent to be noteworthy. However, focal plane shifts due to the different refractive 
index in vacuum and its temperature dependences need to be properly characterised 
for an engineering model o f the instrument.
Spectral Calibration
The effective spectral resolution, sampling and shape o f the slit function need to be 
determined on the ground. For this, the spectral calibration lamp AvaLight-CAL can 
be used. It is available with different gases; the standard is HgAr that emits all 
Mercury and Argon lines from 254 to well over 922 nm. The useful lines for the 
instrument in mind are: 296.13 nm, 302.15 nm, 313.16 nm, 334.15 nm and 365.01 
nm. With the standard SMA 905 connector the lamp can be coupled to optical fibres, 
for wavelength calibration [147]. Because o f its small size and low power can also be 
considered for in-orbit calibration.
Table 6-13 AvaLight-CAL spectral calibration lamp specifications [147]
Lamp HgAr
Output 2 5 4  - 9 2 2  nm
Optical pow er in 6 00p m  fibre 1.6  mW
C onnector SM A 9 0 5  con n ector
Internal V oltage 12 0 0  V olts AC at 3 0  kHz, 10 mA
W arm up 1 m inute for vapour stabilization
P ow er requirem ent 12V D C  supply , 2 4 0  m A
D im en sion s 175  x  110  x  4 4  mm
Slit illumination
The exact shape o f the slit function has an immediate effect on the wavelength 
calibration. The spectral slit function can exhibit some degree o f asymmetry; if  
instead o f the real asymmetric slit function a symmetric slit function o f the same 
width is assumed, the wavelength can change. Furthermore, when the ground scene 
does not fill the spectrometer’s entrance slit homogeneously in the flight direction; for 
example in the case o f clouds, the shape and the position o f the maximum o f the
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spectral slit function changes. This is observed in the following figure where an 
evenly illuminated slit is compared with a simulated bright cloud at the edge.
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Figure 6-51 Slit illum ination a) Hom ogeneous b) B right cloud a t the edge 
From the previous figure we can observe the relative illumination o f the slit image at 
310 nm for the two cases considered above. At the top, a three dimensional model of 
illumination is shown; below the illumination footprint at the image is shown. If we 
slice the slit image (at the detector) perpendicularly, we then obtain the corresponding 
relative spectral resolution for a given spatial field. Since a single line (row) of 
detectors will be placed at a single spectral position. Then, the equivalent spectral 
resolution for the row can be obtained by effectively adding all the responses for the 
spatial fields. In the bottom plots of Figure 6-51, the black thin line represents the sum 
for all spatial fields whilst the thick red line is a fit to a Gaussian function.
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An apparent spectral shift ~0.5 nm is observed for the asymmetric shape on the right 
but the Gaussian fit does not accurately reflect this. Furthermore, with respect to the 
homogeneously illuminated slit, a widening o f the Gaussian response is observed 
effectively degrading the spectral resolution. Thus, the change in shape and position 
of the spectral slit function subsequently leads to an observed shift in the wavelength.
As clouds move in and out o f the field o f view in the flight direction, these 
wavelength shifts will be observed. This effect was first observed in OMI 
measurements. The OMI’s instantaneous field o f view in the flight direction is 1.0°, 
corresponding to ~10 km on the ground, which is a typical size for clouds. It must be 
noted that the effect described above is not typical for the OMI alone but can also play 
an important role in other hyper-spectral Earth observation spectrometers with 
comparable resolution and field-of-view size [79] such as the one proposed here. This 
is the reason why a proper spectral characterisation o f the proposed instrument is 
necessary.
Another factor that further complicates the modelling o f this non-homogeneous 
illumination is that not all wavelengths are affected in the same way. This is not 
related to the optical performance o f the instrument but only due to the atmospheric 
penetration o f UV light. For wavelengths shorter than -310  nm, light is mostly 
backscattered high in the atmosphere, well above the Earth’s surface and the majority 
o f the clouds. Thus, there is no need to account for this or correct for these 
wavelengths. For wavelengths below 305 nm the ground is not seen and scene-to- 
scene variability is much less [79].
The impact o f calibration in the final products has to be assessed. Depending on the 
retrieval methods used, the instrument’s calibration has different effects:
• DOAS retrievals are sensitive to the spectral calibration, the spectral stability, 
and spectrally dependent features o f the instrument.
• TOMS-type o f retrieval, ozone profile, and aerosol and cloud fraction 
retrievals are less sensitive to spectral characteristics o f the instrument, but are 
sensitive to the absolute calibration o f the reflectance [28].
The algorithms for the proposed instrument require differential radiances as well as 
ratios between adjacent channels. Therefore, it will be sensitive to effects in both its
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spectral and radiometric calibrations. The prelaunch characterisation of these effects 
will be defined by the Instrument Transfer Function (ITF) in the spectral domain. This 
is the monochromatic image of the entrance slit of the spectrometer on the detector 
convolved with the response function of the detector [148]. Knowing the spectral 
imaging characteristics from the optical analysis, it is possible to use it to convolve 
the output from the atmospheric model as described in Section 5.4.
It has been shown that the spectral resolution is dependent on field position. The Full 
Width at Half-Maximum (FWHM) defining the spectral resolution varies between the 
angular field on the optical axis to the field at the edge of the swath. This dependence 
will affect the ratios o f adjacent wavelengths used in the algorithms to derive SO2 
products. As an example, the difference in the ratios derived with a slit function of 0.5 
nm and 1.0 nm FWHM is given below:
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Figure 6-52 Radiance Ratio for FW H M  0.5 nm  (left) and 1.0 nm (right)
From the difference in the spectral resolution we can observe how the ‘modulation’ 
effect is reduced by doubling the FWHM; this reduction will effectively reduce the 
sensitivity of the derived products.
The effect of spectral shift, either due to mechanical misalignment or because of 
inhomogeneous slit illumination can also be considered using the instrument model in 
the retrieval of SO2 . A mechanical shift o f about 80 pm can be considered for 
simulation; this is much larger than what can be considered for qualification levels of 
the proposed instrument and is equivalent to 0.2 nm spectral shift. This shift will 
further reduce the modulation caused by SO2 absorption. This can be seen in figure 
below where on the right the shift has been simulated.
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Figure 6-53 R adiance Ratio for spectral shift 0.0 nm (left) and 0.2 nm  (right)
From Figure 6-53, it can be observed that the degree o f modulation due to the 
mechanical shift affects primarily wavelengths longer than 311 nm. For ozone 
retrieval, the 317.5 nm wavelength is located on a plateau in ozone absorption cross- 
section; hence it is not particularly sensitive to wavelength error. For OMI, the 
estimated 0 . 0 1  nm error in wavelength produces 0 .1 % error in total column of ozone 
[47]. For the instrument proposed mechanical tests must be performed and a proper 
evaluation of the retrieval methods are needed to asses the real error both are part of 
the future work but a 1 % error can be considered achievable.
Radiometric Calibration
Radiometric calibration allows us to convert the digital number (DN) or value o f a 
given pixel in a given channel into the corresponding top of atmosphere radiance. A 
series o f experiments must be performed to establish the pre-flight radiometric 
response of the imager in terms of the gain, linearity, and pixel-to-pixel variation for 
all wavelengths o f each UV channel at a representative set o f light levels. One o f the 
most intensive tasks will be the characterisation for all amplifiers used (>100). As part 
o f the future work efficient methods need to be devised to extend the calibration 
procedure used during tests using the evaluation board; these will be described below.
Pre-launch calibration will require the use of an integrating sphere to obtain detector 
gain and bias coefficients of every detector. The integrating sphere will create a 
homogeneous illumination beam equivalent to a Lambertian surface. The light source 
o f the sphere has to be powered by a highly stabilised source. At the output port a 
power meter is needed to accurately measure the radiant energy exiting the sphere.
Juan Fernandez
- 198 -
Surrey Space Centre
6. Performance of the Instrument Model
Because all the detectors will be looking at the same radiance within the sphere, any 
variations between the pixel levels can be measured. However, the main variations are 
due to the dual configuration o f the switched integrator. These differences can be 
processed by the Xilinx FPGA in the PC Interface Board in the case o f the evaluation 
board. The same approach can also be used in-orbit to obtain a table o f gains and off­
sets to be applied at each detector during post processing.
The DDC112 uses two integrators per input to provide continuous integration o f the 
input signal. Figure 6-54 shows a simplified diagram o f the two-integrator structure 
for one o f the DDC112’s inputs.
Output
Input o -h i
Voltage
ADC
O—
Figure 6-54 Simplified Diagram of one DDC input [106]
While one integrator or side is integrating the input current, the other is being 
measured by the DDC112’s internal ADC and then is afterwards reset. Then, the sides 
switch and the ADC measures the side that had been integrating while the previously- 
measured side integrates. Therefore, the input current is always being integrated by 
one o f the two sides; this is continuous mode operation. One consequence o f the 
DDC112’s technique for providing continuous integration is that two integrators 
supply data for one input. That is, the data alternates between coming from sides A  
and B. This needs to be considered when designing the system calibration. Due to 
process variations, the two integrators will have slightly different offsets and gains. 
To remove these mismatches between the sides, offset and gain calibration must be 
used on both sides. This calibration is not needed if  data from only one side is used. 
However, the input signal is no longer continuously integrated and the data rate is cut 
in half. The software calibration routines allow for both offset and gain calibration o f  
the DDC112’s data.
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The offset is first subtracted from the raw DDC 112 data with the result then 
multiplied by the gain coefficient. In equation form, the calibrated data is:
Datacaiibrated =  ( D a ta raw -  Offset) • Gain (6-18)
Before calibration default values are 0 for the offset and 1 for the gain coefficients. 
The calibration coefficients can be found using the limits of the dynamic range to be 
used. The procedure to automatically obtain these coefficients is given below [149]:
Offset Calibration
1) Apply a zero-level signal to the inputs.
2) Retrieve data for each Side (A and B)
3) Calculate offset coefficients according to the data’s average values.
After offset calibration, the data’s average value will be equal to zero.
Gain Calibration
1) Make sure the offset calibration is set beforehand.
2) Apply a full-scale level to the inputs.
3) Retrieve data for each Side (A and B)
4) Calculate the gain coefficients for B sides to equal those of A.
The calibration will be applied on an individual side basis per pixel with separate 
coefficients for each pixel and side: 1A, IB, 2A and 2B and so on. An example o f this 
calibration functionality is shown next.
J  J«]
= T tup ata 'niTyete THEratton Isc nTo
C a l i b r a t i o n
i i Display current Cal 
l*t Manually Set Cal
* i i  '
I
A l t —X B e i t  B urr-B row n  C o r p o r a t io n  I
Figure 6-55 C alibration  menus on DDC evaluation board  [107]
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The in-flight characterisation can be done by vicarious calibration with independent 
data sources like other space-bome sensors. Radiance measurements from the 
proposed instrument can be compared to those o f GOME, SCIAMACHY, OMI and 
SBUV type instruments. Ideally, like these instmments, it is desired to obtain 
observations o f the solar irradiance. Thus, the advantages in the orbital manoeuvres o f  
a microsatellite can be used for direct observations o f the sunlight or at least through a 
solarised optical fibre. The following configuration can be used where one end o f the 
fibre is located with line o f sight to the sun at a given time and the other end is 
coupled next to the entrance slit.
. ______ Dx______
r  n  Entrance Slit
Spatial 
Dimension q
Figure 6-56 Potential calibration using optical fibres 
This calibration technique requires many considerations to be made prior to a proper 
calibration procedure. The position o f the optical fibres will only be defined for a 
particular field position at the edges. An alternative position could be close to the 
optical axis and perpendicularly next to the slit. This will effectively represent a 
different incidence angle o f the grating and different spatial position along track.
The final effect o f calibration in the products derived from this instrument is difficult 
to assess. Only a comparison with equivalent raw data can be used as a reference. 
TOMS v8.0 algorithm uses two wavelengths where 1% wavelength independent 
calibration error at these wavelengths, introduces a 0-2 DU ozone error depending on 
brightness o f the scene (Larger errors occur for darker scenes). For the hyperspectral 
capability o f OMI the effect o f radiometric calibration errors on ozone can be reduced 
to less than 1 %.
The atmospheric simulations carried out including our instrument model show the 
Noise Equivalent Radiance (NEL) at -0.004 pW-sr'^cm' 2 for a Tropical Atmosphere 
(albedo 0.3 at 25° Solar Angle). Considering ‘contaminated’ atmospheres with a 
single SO2 layer at 1 km scale height, the NEL is below the 0.7 DU.
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Z  Radiance Difference (w.r.t. TropAtm_SA25.0_alb0.3.psc) S02 DU: 0.70 - 5.04 Q @ 0
Reference:TrapAi m_SA25,0_aIb0.3.pac SurRef: 0.3 Solar Angle: 25.00
03: 277,610 [DU] S02; 0 .107990 [DU]
Files: TropAtm_SA25,0_Alb0.3_01.0km_*e-02ppmvJ031.00.psc 03: 277.610 -  277.610 [DU]
S02: 0 .702750 -  5 .04400 [DU] 
alb: 0.3 -  0.3
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Figure 6-57 Noise Equivalent Radiance and D ifferential rad iance of S 0 2 laden w .r.t. C lean
T ropical A tm osphere
Geometric Calibration
Verification of the modelled geometric distortion can be done in laboratory tests but 
we also need to consider ways to in-orbit validate the geometric model using known 
geo-referenced image data. Because the detectors are not evenly spaced in the image 
has to be corrected. The data processing chain following the detection will account for 
the previously described calibration effects, is as follows:
■ LO -  Raw file individual spectral and spatial positions and Telemetry and 
Telecommand (TTC)
■ LOR -  Radiometrically corrected
This naming convention is commonly used for satellite products
6.6 Application Performance
The ultimate utility of an instrument is based on the quantitative products derived and 
their quality. The atmospheric and volcanic monitoring applications were the main 
drivers in the design o f this instrument and the final products desired are total column
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of sulphur dioxide and ozone. Given the spectral characteristics of the proposed 
instrument in the UV region, it is also possible to derive UV absorbing aerosols.
The use of N-values has been discussed in Section 2.3.4 (Equation 2-15). These 
represent the logarithmic ratio between the relatively fixed solar irradiance (measured 
or modelled) and the Earth’s backscattered radiance. For Ozone retrievals a channel 
unaffected by this gas is taken as a reference for albedo calculations; this is commonly 
at -360 nm. Then, the ratio o f two channels: one at -331.2 and the other between 309 
nm and 322 nm can be used to derive the total content of ozone. The particular 
wavelength selection is based on geometrical conditions using longer wavelengths for 
longer atmospheric paths.
Let us consider a reference tropical atmosphere with a given albedo (0.3) then 
different concentrations of ozone (277.6 DU, 324.8 DU and 374.7 DU) are 
introduced. In addition, to this ozone content, 10 different total columns of SO2 are 
also introduced ranging from -4  DU to 34 DU. For each ozone content a family of N- 
value curves is created indicating the additional absorption due to the SO2 content 
introduced, this is shown in figure below:
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Figure 6-58 Sim ulated N-Values for all channels for 3 Ozone conditions
The N-Values obtained for the reference atmosphere are then compared with those of 
the variations considered. This comparison can be done by the differential between 
them or their ratio. The channel at 331.2 nm is unaffected by SO2 and has only a 
minor absorption due to O 3 . Shorter wavelengths at -312.5 nm are severely affected
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by absorption of the two trace gases. The instrument simulation model developed can 
illustrate the effect on the integrated radiance for each channel.
Spectral Radiance -> Total Radiance T ropAtm_SA2 5.0_AI t>0.3_04. Okm_*e- 01 ppmv_0 31. *. psc
SurRef: 0.3 Solar Angle: 25.00Ref e re n ce:Tro pAt m_SA25.0_a I bO .3. pa c 
03: 277.610 [DU] S02: 0.107990 [DU]
Files: TropAtm_SA25.0_JAlb0.3_04.0km_*e-01 ppmv_Q31 ,*.psc 03: 277.610 -  374.770 [DU]
S02: 4.07550 -  33.9510 [DU] 
alb: 0.3 -  0.3
— i 1---------1---------1---------1---------1 r  1---------1 i | i 1---------1---------1-------- 1---------1—
TropAtm_SA25.G-jalb0.3.psc 03 :27 7 .6 1 0  [DU]
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TropAtm_SA25.0_Alb0.3_04.0km_2e—01 ppmv_031.35.psc 03: 374.770 [DU]
TropAtm_SA25.0_Alb0.3_04.0km_6e—01pprnv_031 .OO.psc 03: 277.610 [DU] 
TropAtm_SA25.0_Alb0.3_04.0km_7e— 01ppmv_031.35.psc 03: 374.770 [DU] 
TropAtm_SA25.0_Alb0.3_04.0km_9e—01 ppmv_031.17.psc 03: 324.800 [DU]
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Figure 6-59 In teg rated  radiance a t 305-315 nm for 3 0 3 conditions and 10 S 0 2 loads
From the radiance alone or N-Values it is not possible to easily derive or discriminate 
between the two trace gases. Therefore, appropriate algorithms are needed to identify 
and quantify the gas causing the absorption at these wavelengths. A reference 
atmosphere can be derived from other channels and then the radiance ratio with 
respect to this atmosphere can clearly indicate the ‘modulation’ caused by SO2 
absorption in comparison with the smoother O 3 absorption in the same wavelength 
range. The individual effect of these gases is clearly shown below.
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Figure 6-60 Radiance Ratio w .r.t. T ropical A tm osphere 
(Left) A tm osphere Affected only by S 0 2 (Right) Affected only by
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The retrieval processes considered for this instrument has to be simple enough to 
work in near real-time at least for identification of SO2 when present. Thus, 
instrument electronics can be developed to calculate basic arithmetic operations from 
each channel on a FPGA. Two schemes have been devised for this and are described 
below.
6.6.1 Channels (Individual and Total)
Knowing the absorption bands o f SO2 and its particular peak and trough features, it is 
possible to process their corresponding channels separately or in an additive way. The 
sum will be a representative value of the radiance on affected and un-affected 
channels. Furthermore, additional operations can be carried out from these values 
with little processing overhead. They can be subtracted to find their difference (Delta) 
or the relative variation between these two (Ratio). This approach can be observed 
below:
PSum
Delta7
£
Ratio
31 + 316304 306 308 312
TSum
Figure 6-61 D ifferentials o f relative absorption  bands (Total: Peaks and T roughs)
The basic approach described also requires a reference atmosphere to compare against 
for each one of the derived parameters: T 1 . . .T 5 , P 1 . . .P 5 , Psum (Ep), TSum (Et), Delta 
(Ep - Et) and Ratio (Ep / Et). It is then possible to construct a table of typical 
conditions and set thresholds on these parameters to quickly identify particular 
anomalous conditions. The quantitative retrieval can be performed off-line as most of 
the algorithms currently in use.
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Considering the peaks and troughs separately can be used to obtain two estimates of 
ozone content. In the presence of SO2 , there will be differences between these 
estimations; peaks will overestimate the O3 content w.r.t. the value obtained using the 
troughs. The differentials of the N-Values for each case are shown below:
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Figure 6-62 D ifferential N-Values for Total Peaks (left) and Total T roughs (right)
The wider spread observed in the peaks confirms the overestimation whilst the 
troughs show a similar trend. If no SO2 is present, both will have similar 
characteristics. In any case off-line processing is required for quantitative estimations. 
For the delta product ( E p - Z t)  shown in Figure 6-63 left, there is a similar response for 
increasing ozone values. As expected the differences between the sum of the peaks is 
larger than those o f the troughs.
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Figure 6-63 Sums o f Peaks and  Troughs: D ifferentials (left) and Ratios (right)
When ratio product (Ep/St) is considered this is not easily identifiable. However this 
parameter can provide closure to identify particular conditions.
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6.6.2 Channel pairs
Knowing the particular characteristic o f ‘modulation’ in the absorption features of 
SO2 between 305 nm and 315 nm, there are two simple ways of determining the 
amount of modulation this gas introduces in the backscattered radiance. For adjacent 
wavelength samples from the instrument, it is possible to perform basic arithmetic 
operations. For a given spectral measurement, differentials and ratios can be taken of 
channel pairs comprising one peak and one trough. These comparisons between the 
absorbing and non-absorbing bands in the spectral region observed will indicate of the 
presence of SO2 .
For the ratios between wavelength pairs, representative totals can be obtained. The 
sum of the pair ratios has to be weighted according to the ratio of absorption cross 
sections (ACS) between SO 2 and O 3 (Figure 6-64). Moreover, the totals (sum) of the 
difference for all pairs, should equal the Delta product of individual channel totals 
providing closure for calibration purposes.
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F igure 6-64 Peak-Through C hannel P a ir  (Individual: Peaks-Troughs)
None of these operations will be strictly independent o f albedo or solar zenith angle. 
However, albedo and geometrical dependences can be easily identified from 
modelling to be used as reference. The N-Values derived will be the main source to 
determine the trace gas and total amount accounting for the discrepancies with respect 
to a given reference atmosphere.
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For the continuous channels proposed in the instrument (305 nm -315 nm) the three 
ozone conditions will account for a change in the radiance with a given overall slope 
whilst the variations in SO2 content will introduce the ‘modulation’ effect added to the 
slope. In the N-Values, this effect can be easily identified.
304 306 308 310 312 314 316 304 306 308 310 312 314 311
Wavelength [nm] Wavelength [nm]
Figure 6-65 D ifferential and ratio  of N-values for all channels w .r.t. T ropical atm osphere
The degree of modulation depends on the actual spectral resolution for a given spatial 
position. According to the optical model, the degradation in spectral resolution for 
wider angles ranges from 0.57 nm FWHM at fields close to the optical axis to 1.17 
nm FWHM at the edge of the field. This represents an attenuation o f the modulation 
that will be closer to the instrument’s noise limitations. Thus, the difference between 
the on-axis field and the edges is given by the following radiance ratios:
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Figure 6-66 Radiance ratio  w .r.t. T ropical atm osphere (Left) ±2° fields w ith FW HM =0.57 nm. 
(Right) ±12.7° fields with FW HM =1.17 nm.
The change on the differential peaks and troughs individually (Delta PTdiff in 
triangles) remains relatively constant whilst the changes in the peak to trough ratio
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(Delta PTratio in squares) increases with SO2 content (Figure 6-67 left). For a single 
layer at 5 km the effect is clear.
0.5
o 0.4£
0.3
LUO
0,2
LdQ
- 0.1
400 20 
S02 DU
3010
2.0
1.8
1.6
1.4
1.2
1.0
0.8
A RATI Q_PTD IFF 
□  RA71O_PTRATI0
A
A
. A  A 
A A A A
A  A A
A A A
20
S02 DU
40
F igure 6-67 S 0 2 laden atm osphere (Single layer a t 5 km) for 3 0 3 conditions
If the emission’s height is undetermined, then the situation is much more complex, 
because the air mass factors greatly affect these measurements. A look-up table is 
then the only indicator. Different combinations of content/height can produce the 
same effect in radiance variations. The changes between individual pairs at this point 
are only a qualitative indicator. A radiative transfer model can be used off-line to 
obtain the final products once the calibration procedures have been followed and an 
initial set of conditions have been determined.
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F igure 6-68 S 0 2 laden atm osphere (Layers 1 to 10 km) for a single 0 3 condition
Other simulations obtained using differentials and ratios of bands are included in 
Appendix F which can be used as a reference for future retrieval algorithms.
6.6.3 Noise Equivalent Radiance (NEL)
One way to determine the system’s sensitivity is to derive the Noise Equivalent 
Radiance (NEL). This parameter is the minimum radiance that can be detected for the 
given noise performance. Thus, the total noise is converted into an equivalent 
radiance taking into account the instrument model. In the following figure the thick 
black line represents the difference between the total of peaks and throughs for a clean 
atmosphere (0 DU SO2 and typical tropical 277 DU ozone content). The noise o f the
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9 1 «instrument is 0.004 pW cm' sr" and is represented by the thin line on the left. Hence, 
no detection is possible if the difference for contaminated atmospheres is smaller than 
this. For the low-emission scenario considered it is possible to detect ~1DU at any 
height from 1 km to 10 km.
23 Diff SUM(AII Peaks - All Troughs) w .r.t.g:\M0D4v3r1\TEST\Juan\Aug07aU\TropAtm_S--- f^T)[□ ]§%§
C o n cen tra tio n  [ppm v]
EH k  : i
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
—
-■ ■............ I ........ > i i I i i i .......... ' Ti l l ' i i 11 i i i
Dlff R adiance P eaks—Troughs [uW cm  1 sr
Figure 6-69 Low Emission Scenario with Noise Equivalent R adiance (NEL)
The accuracy of the retrieved products will contain a random component and a 
systematic bias which are due to instrumental effects and the retrieval method used 
for a particular product. The random component will be called the precision. The 
random component due to instrumental effects is determined by the signal-to-noise 
while the random component due to retrieval is caused by uncertainty in the model 
parameters used in the retrieval. Usually one wants to reduce the instrumental effects 
so that the final accuracy is dominated by the bias and precision in the retrieval 
algorithm. Further improvement in the retrieval algorithms during the life time o f the 
instrument can then improve the products [28].
Having obtained these geophysical parameters, it is therefore possible to derive other 
UV products such as: erythemal UV dose rate and the erythemal UV daily dose [62]. 
These are produced using four wavelengths (305, 310, 324, 380 nm). The OMI UV-B 
algorithm used for this purpose, inherits from the TOMS UV algorithm. OMI 
measurements of ozone, aerosols, and clouds arc used as inputs to the algorithm. 
Clear sky UV irradiance is first estimated using the total ozone column, derived with 
the TOMS algorithm. By correcting the clear sky UV irradiance with the aerosol and 
cloud information, the surface UV irradiance is obtained.
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7. Conclusions
This research proposed a novel miniaturised instrument for monitoring the 
atmosphere observing ultraviolet (UV) radiation. This range o f the spectrum can be 
used for various studies o f aerosols, Ozone (stratospheric and tropospheric), UV  
reflectivity and UV irradiance. In thesis we highlight the need for instrumentation to 
obtain near-real time global observations o f sulphur dioxide (SO2) which also absorbs 
in this part o f the spectrum and is released into the atmosphere mainly by volcanoes. 
This is not an easy mission to achieve given the spatial, temporal, spectral and 
radiometric requirements. In addition, the inherent limitations o f the small spacecraft 
considered as the platform for this instrument impose various challenges to obtain 
information o f scientific value at a low cost.
The capabilities and potential o f this instrument and the conclusions from this 
research are important for future missions o f small satellites for atmospheric 
applications, area which has not been fully explored. Obtaining additional 
observations for ozone dynamics studies or global monitoring o f volcanic emissions 
are two areas where miniaturised instrumentation can play an important role. Volcanic 
emissions in the form o f rich-laden plumes pose a danger for the aviation industry 
who demands near-real time information. Even in smaller scales or created from 
anthropogenic activity, these emissions represent another uncertainty in the dynamics 
of the Earth’s climate. On the other hand, ozone in spite o f being a key atmospheric 
element, its monitoring still relies on large and complex payloads on less frequently 
launched platforms.
In this thesis, the principles for ultraviolet remote sensing were discussed including 
the modelling o f atmospheric processes such as absorption and scattering affecting the 
incoming solar radiation. The use o f radiative transfer codes to simulate the radiance 
on Top Of the Atmosphere (TOA) was presented including some o f the different 
retrieval methods used to obtain information from its constituents. Given the fact that 
any space-based instrument sensitive to the UV will be observing the same TOA 
radiance, it is then reasonable to expect that proven retrieval methods can be applied 
to new instrumentation provided it is characterised properly. Thus, the instrument
Juan Fernandez
-211 -
Surrey Space Centre
7. Conclusions
concept presented here can benefit from the experience gained in retrieval algorithms 
from other instruments in spite o f the complexity in their design.
Emphasis was given in applications and the technical challenges that instruments face 
when monitoring volcanic clouds and observing some o f their main constituents. 
Sulphur dioxide was chosen for the identification o f these clouds which can also 
provide indication o f minor outgassing activity, important for volcanologists and 
disaster managers. Volcanic ashes were also discussed for the damage these two 
elements pose to aviation. Projects related to various aspects o f these constituents 
were mentioned together with the systems and tools they rely on; these can potentially 
benefit from the findings o f this research.
Simulations o f radiances in atmospheres affected by sulphur dioxide and different 
ozone concentrations were presented. The discrimination between these two trace 
gases was deemed to be o f more importance than the detection o f ashes because the 
algorithms for detection o f ashes are relatively simple in the UV. Because o f the 
different spectral features in the absorption cross section o f these gases, the 
instruments require a minimum spectral resolution and number o f spectral bands to 
discriminate between them.
The most important current and future instruments with similar capabilities in the UV  
were analysed discussing their strengths and weaknesses. The important aspects when 
designing an instrument concept were evaluated, keeping in mind the limitations o f  
the small space-based platforms. Here, the advantage o f choosing an optimal UV  
range is essential since the number o f bands and their resolution will directly impact 
the complexity o f the miniaturised payload. It was shown that the range covered by 
the proposed instrument is appropriate for the application in mind. Furthermore, this 
particular range (305-315 nm) suffers from a less than optimal performance in other 
instruments such as OMI, GOME and SCIAMACHY because o f the trade-offs they 
have to concede in order to provide a much wider spectral range and to cope with 
stray light due to they similar detectors sensitive to visible light.
The few attempts in providing UV observations for ozone monitoring from 
microsatellites were examined. None of them has considered the number o f  spectral
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bands and the resolution needed for detection o f SO2 . Thus, the proposed instrument 
exceeds the capabilities previously explored. Regarding the potential o f miniaturised 
instruments, the author gained experience in analysing and deriving qualitative and 
quantitative data from OMAD. The results obtained from this work were mentioned 
and referenced; even though they are not part o f the core o f this thesis, it is certainly a 
great achievement in expanding the previously known capabilities o f micro-satellite 
instrumentation in observing UV reflectivity, global ozone and its austral depletion.
Various aspects o f the instrument requirements when designing the proposed 
instrument were considered and analysed. The relative limitations o f a small 
spacecraft in terms o f mass, volume and power amongst others were evaluated in 
order to achieve valuable capabilities for the applications in mind. For atmospheric 
and volcanic monitoring, the spatial, temporal, spectral and radiometric requirements 
play a vital role. The spatial and temporal requirements can be eased taking into 
account the advantage that a constellation o f small satellites can provide, whilst the 
spectral and radiometric requirements entail a challenging instrument design 
approach.
An instrument simulator was developed to use the baseline specifications coupled to 
the atmospheric model used to replicate volcanic cloud conditions; the results 
positively indicated the viability o f this research. Subsequently, a preliminary design 
based on basic principles also showed the feasibility and potential o f the instrument 
concept. This initial design was then taken further and its optical performance was 
thoroughly examined.
The spectral and imaging properties across the field-of-view were scrutinised and 
optimised to fulfil the spectral requirements considering various atmospheric 
scenarios. Knowing that the noise performance detector and electronics o f the 
instrument will ultimately define the maximum achievable performance o f the optical 
system; a series o f experiments using Silicon Carbide (SiC) detectors and 
representative electronics system were necessarily conducted. The sensitivity limits, 
based on the expected detector performance, are aimed ideally to observe minor 
concentrations o f SO2 produced by passively out gassing volcanoes ~2 DU.
Juan Fernandez
- 213 -
Surrey Space Centre
7. Conclusions
Consequently it should be capable o f monitoring volcanic events releasing more than 
5 DU. This was confirmed from the results o f these experiments.
The relatively simple instrument design was developed from basic principles common 
to larger platforms and avoiding the complexity o f their payloads which are forbidden 
for a microsatellite. Thus, the data to be obtained from this instrument will prove 
valuable despite the limitations on size and complexity, extending the previously 
known capabilities o f micro-satellites for atmospheric remote sensing.
The potential o f the proposed instrumentation also considers tropospheric studies 
where pollution from mega-cities could be monitored. This is possible with the use o f 
the instruments flexible integration time that will allow higher spatial resolution under 
favourable circumstances. Other studies such as tropopause dynamics and vertical 
information can be derived if  the instrument is also considered for limb observations 
in addition to nadir; this is feasible due to its small weight and volume.
In the future, some aspects need to be further refined before an instrument engineering 
model can be assembled; these include another stage into optical optimisation for real 
tests, and careful design o f the electronics systems to insure the low noise 
performance for the total number o f channels. In addition, the details for retrieval 
methods can be studied in depth and also to evaluate its utility for other potential 
applications. The spectral range covered in the design can allocate other bands; even 
with the ones currently considered, studies o f UV irradiance for skin damage studies 
could be considered. By extending the considered range, profile information o f ozone 
can potentially be determined.
In summary, a comprehensive study on various aspects o f atmospheric monitoring has 
been presented as a case for small satellite instrumentation. The miniature size o f the 
instrument proposed makes it a suitable instrument not only for a micro-satellite- 
based atmospheric remote sensing mission but potentially to other ground-based or 
balloon-based systems requiring a relatively low-cost yet effective imaging 
spectrometer.
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Appendix A: Atmospheric Variations
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Appendix D: Optics
3D  LHYDLIT
UU SPEC TR OM ETER
J U R N  E E R M R N D E Z  
S U R R E Y  S R R C E  C E N T R E
MDN OCT 1 6  2 0 0 6
T E L E S C O P E  V I , Z M X  
C Q M F I G U R R T I Q N  1 O F  1
System Aperture 
Effective Focal Length 
Effective Focal Length 
Back Focal Length 
Total Track :
Image Space F/# :
Paraxial Working F/# : 
Workng FI#
Image Space NA :
Object Space NA :
Stop F&dius :
Paraxial Image Height : 
Paraxial IVfegnif ication : 
Entrance Pupil Diameter: 
Entrance Pupil Position : 
Exit FLpil Diameter : 
Exit Pupil Position
Bitrance Flpil Da meter = 4
6 .8 (in air at system temperature and pressure) 
6 .8 (inimage space)
2.921077 
9.404 896
1.7
1.7
1.70301 8 
0.282 1 663 
2e-010 
2
1.69543
0
4
0
4.764058
-8.126271
Field Type 
Maximum Field 
Primary Wave 
Lens Units
: Angle inderyees 
: 14
: 0.31
: Milimeters
Angular Magnification 0.839 6203
-  3 2Ete (1.7 , slit Area ) = 1.414 x 10 sr-cm
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3 D  LAYOUT
MON OCT 1 6  2 0 0 6 UV  SPEC TR OMETERT U R N  F E R N R N D E Z  
S U R R E Y  S P R C E  C E N T R E
C O L L IM A T O R  V I , Z M X  
C O N F I G U R A T I O N  1 O F  1
System Aperture 
Effective Focal Length 
Effective Focal Length 
Back Focal Length 
Total Track :
Image Space F/# :
Paraxial Working F/# 
Working 17# :
Image Space NA : 
Object Space NA 
Stop Radius :
Paraxial Image Haght : 
Paraxial IVbgnification : 
Entrance Pupil Diameter: 
Entrance Pupil Position : 
Exit Pipil Diameter : 
Exit Pipil Position : 
Field Type 
Maximum Field 
Primary Wave
Entrance Pupil □ameter= 13.9
: 17.83734(in air at systemterrperature and pressure)
: 17.83734 (in image space)
12.4676 
36.85936 
1.2832 62 
1.283262 
1.32 5633 
0.3630477 
6.95e-010 
6.95
4.447349 
0
13.9 
0
120.755
-154.9928
: An^e in degees 
: 14
: 0.31
Lens Units : Milimeters
Angular IWgnif ication : 0.1151091
-  3 2Ete (128 , slit Area ) =  1.878 x 10 sr-cm
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30 LRYOUT
MDN DOT lfc 200fc UU S P E C T R O M E T E RTURN FERNANDEZ  
S U R R E Y  S P R C E  C E N T R E
FDOUSING DETECTDR U1.ZMX 
C a N F IG U R R T IO N  1 O F  1
System Aperture : Entrance Pupil Da meter = 13.9
Effective Focal Length : 6320765 (in ar at system temperature and pressure)
6320765 (in image space)Effective Focal Length 
Back Focal Length 
Total Track :
Image Space FI#  :
Paraxial Working FI# : 
Working FI# :
Image Space NA :
Object Space NA :
Stop Ftedius :
Paraxial Image Height : 
Paraxial Magnification : 
Entrance Pupl Diameter: 
Entrance Pupl Position : 
Exit Pupil Dameter : 
Exit Pupil Fbs lion :
60.91828
63.57347
4.547313
4.547313 
4.75298
0.1092963
6.95e-010
6.95
1 5.75944 
0
13.9
0
13.9
-62.46284
Field Type 
Maximum Field 
Primary Wave 
Lens Uhits
: Angle in degrees 
: 14
: 0.31
: Mill meters
Angular Magnification 1
-  4 2
E te (4 .5 4  , pixA rea ) =  2 .6 4 7  x  10 sr-cm
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30 LRYQUT
UV  S P E C T R O M E T E R
TURN FER N R N D E Z  
S U R R E Y  S R R C E  C E N T R E
LENS HRS NO TITLE. 
MON QCT 16 2006
eFtrreKMTi] IK ffiUJHTDtiaZE SDlBtSl LDBfi.aK 
C O N F IG U R A T IO N  1 OF 1
System Aperture 
Effective Focal Length 
Effective Focal Length 
Back Focal Length 
Total Track :
Image Space F/# :
Paraxial Working FI# 
Warkhg FI#
Image SpaceNA :
Object Space NA :
Stop Radius :
Paraxial Image Height : 
Paraxial IVbgnification : 
Entrance Pupl Diameter: 
Entrance Pupil Position : 
Exit Pipil Diameter : 
Exit Pipil Position :
Entrance Pupil Da meter = 4
-23.90639 (in air at system temperature and pressure) 
-23.90639 (in mage space)
60.17365 
1 32.8379
5.976598
5.976598 
5.94931 5
0.0 833 6839 
2e-010 
2
5.519226
0
4
0
8.101907
-48.42184
Field Ty pe 
Maximum Field 
Primary Wave 
Lens Units
: Angle in degrees 
: 13
: 0.31
: Milimeters
Angular IVbgnif ication -0.4937109
-  4 2Ete (5.94 , pixArea ) = 2.023 x 10 sr-cm
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3 D  LHYQUT
LENS HRS NO TITLE. 
TUE OCT 17 2006 UV  S P E C T R O M E T E RT U R N  F = E R M R M O E Z  
S U R R E Y  S P R C E  C E N T R E
E f f l C T B t t E T R I T O  U 2  R f i L f f f O C S l Z E  H O B S l . Z N t  
C D N F IG U R R T IO N  1 OF 1
System Aperture 
Effective Focal Length 
Effective Focal Length 
Back Focal Length 
Total Track :
Image Space FI# : 
Paraxial Working FI# 
Working FI# :
Image Space NA :
Object Space NA :
Stop F&d'us :
Paraxial Image Height : 
Paraxial Magnification : 
Entrance Pupl Diameter: 
Entrance Pupl Position : 
Exit Pupil Dameter : 
Exit Pupil Fbs lion :
Entrance Flipil Da meter = 4
: -23.91196 (in air atsystemterrperature and pressure)
: -23.91196 (in image space)
60.17347 
1 34.0877
5.977991
5.977991 
6.333803
0.08334911 
2e-010 
2
5.520554
0
4
0
8228485
-49.18981
Field Type 
Maximum Field 
Primary Wave 
Lens Ihits
: Angle in degrees 
: 13.0001
: 0.31
: Mill meters
Angular Magnification -0.4861162
-  4 2Ete (6 .3 ,pixArea ) = 1.90 7 x  10 sr-cm
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Lens Manufacturer Drawings and Specifications
T elesco p e  L en s
8
2
CO
v  •
6.46
Mr )—
1-U+fri-Ai
R-
3.6973
-0 .4855228
r h<r)
00 0.00X00
05 -0.033883
10 -0.135531
1? -0.311006
2.0 -0.562997
2.5 -0.921791
30 -1.343489
3.5 -1.910585
4 0 -2.653592
1) all dim ensions in mm
2) protective chamfer 0.2 - 0.4
R = 13.15
K = -258.2838
r h{r)
0.0 0000000
0.5 -0.006756
1.0 -0.029506
1.5 -0.05546!
2.0 -0.063646
2.5 -0.112915
SO­ -0.142779
S ' -0.172999
4.0 -0.203446
5ev Date J s e r Med f :a tio t»  ^
1S.C7.:CC« TV In ra i fevi*«n m
27.C7.D0C* TV c - j r g e  jtou -ne-.er :c
Front Surface Vlatenal Specification Back Surface
Asphere Fused Silica (UV Grade) Asphere
ae 6
0 / -
a e  6
3 /1 0 (6 ) 1 /- 3/ 10(6)
4 /5 ' 21- 4 /5 ’
5/ 1x0.1 5/ 1x0.1
61- 6 / -
063-00470-REV01 
(Lens 1)
Scale 10 : 1 Ind. acc. ISO 10110 27 .07  2006 TM a I p li » r i < • B
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Collimator Lens
CO
a.
24.36
hir )=-
i?i 1 i 1 ! 1 I k j—^!
\ R~
R = 8.992
K = -2.274771
r hir)
00 0.000000
20 -0.219020
40 -0.839700
6.0 -1.777757
8.0 -2.044255
10.0 -4.258307
12.0 -5.702272
12.5 -6.073535
R = 26.432
K = -10.99584
r hir)
0.0 0.000000
2.0 -0.074613
4.0 -0.237080
6.0 -0.610515
8.0 -1.015616
10.0 -1.478379
12.0 -1.981531
12.5 -2.112151
1) all dimensions in mm
2) protective chamfer 0.2 - 0.4
Front Surface Material Specification Back Surface
Asphere Fused Silica (UV Grade) Asphere
oe24
0 /-
oe 24
3/10(6) 1 /- 3 /10(6)
4! 5' 21- 4 /5 '
511x0.1 5/ 1x0,1
61- 61-
063-00471 
(Lens 2)
Scale 3 :1 Ind. acc. ISO 10110 19.07.2006 TM o < p h * r i < a  n
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Focusing Lens
h i r ) = r
i? n  + v;i H I  + * i - L )
\ R'
R = 30.664
K = -2.474862
r h(r)
0.0 o.cocooo
2.0 -0 065121
4.0 -0 25S276
6.0 -0.578947
S.O -1 018617
10 C -1 571208
120 -2 228520
125 -2408297
1) all dimensions in mm
2) protective chamfer 0.2 - 0.4
Front Surface Material Specification Back Surface
Asphere Fused Silica (UV grade) R = infinite
oe 24
0 /-
oe 24 ;
3/10(6) 1 /- 3 /5(1)
4 /5 ' 21- 4/ 5’
5/ 1x0.1 5/ 1x0.1
61- 6 /-
063-00472 
(Lens 3)
Scale 5 : 1 Ind. acc. ISO 10110 19.07.2006 TM
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Lens Quotation
o i p h o f i c o n '
«phf»nw anibt* • WhJenfois&lEiSiAMis; lb  * 0  * Get vut'ty
Surrey Space Centre 
University of Surrey 
Mr. J. Fernandez
GU2 7XH Guildford, Surrey-
United Kingdom
Fox: +44 1483 689278
AWW .r-;phr! tort tom
P ar r ^<:>X
rax
Sttt •jfttMnti, Ma  ^j i
Sves Kiouike 
rh^-Vw, A'rxitndcf t'u hithtO
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i OE MM
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Quotation
Customer No.: 
Staff:
Project No.: 
Date:
130 
T. Moeller 
063-00470 
28.07.2006
Dear Mr. Fernandez.
Thank you for your interest in buying asphencal components from our enterprise. In reference to the enclosed 
drawings we would like to quote as follows:
Pos Qty Description Price p. Unit 
EUR
Total
EUR
1 1,00 Piece bi-cx Asphere. Dia 8.0, Fused Silica - uncoated 1.521,72 1.521,72
2 1,00 Piece bi-cx Asphere, Dia 25.0, Fused Silica - uncoated 1.870,56 1.870,56
3 1,00 Piece plano-cx Asphere, Dia 25.0, Fused Silica - 
uncoated
1.718,89 1.718,89
4 1,00 Set lens 1, 2, 3 - uncoated 5.000,00 5.000,00
Total net 10.111,17
tax free 10.111,17
Total Amount 10.111.17
Lead time 6-8 weeks (EXW), Payments 30 days net
The mentioned above prices refer to prices per item and per set of your 3 system lenses. For your reference 
please find our drawings attached. The aspherical form error we will measure with a tactile profile system (PGI 
1240) from Taylor Hobson. As quality assurance we record all measurement reports in our database system 
which are available upon request. For questions or further information please feel free to contact us. We hope to 
have made you an attractive proposal and would be pleased if you consider buying from us.
With best regards from Germany
Alexander Zschaebitz 
Managing Director
Tobias Moeller 
Key Account Manager
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Optical Path Difference
An OPD is the linear distance along a ray between the actual aberrated wavefront in 
the exit pupil and the ideal (aberration-free) wavefront. These plots are measured 
relative to the ideal wavefront and are customarily expressed in units o f  wavelength. 
The vertical axis scale is given at the bottom o f the graph. The data being plotted is 
the optical path difference, or OPD, which is the difference between the optical path 
length o f the ray and the optical path length o f the chief ray. Usually, the calculation 
is referenced back to the difference between the ray path lengths at the system exit 
pupil. The horizontal scale for each graph is the normalized entrance pupil 
coordinates [100].
O B J :  1 3 . 0 0 .  0 . 0 0  DEC
w T  w T
O P T I C R L  PATH D I F F E R E N C E
L E N S  HAS NO T I T L E .
S UN APR 2 0  2 0 0 8
MAXIMUM S C A L E :  ± 5 0 0 0 . 0 0 0  W A V E S .
0.30S 0.306 0.307 0.303 0,310 0.311 0.312 0.313 0.31H 0.315 0.331 0,300
S U R F A C E :  IMAGE ( IMAGE 3
UU S P E C T R O M E T E R
T U A N  E E R N R N D E Z  
S U R R E Y  S P A C E  C E N T R E
U U  S P E C T R O M E T E R . Z MX  
C O N F I G U R A T I O N  1 O F  1
Figure D-l Optical Path Difference
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Distorsion
The optical model indicates the following distortion considering a perfect gridded 
object as optical input.
X X X X X X X X X X X
G R I D  D I S T O R T I O N
L E N S  H H S  N O  T I T L E ,
S U N  R P R  2 0  2 0 0 8
F I E L D  : 1 2 . 7 5 0 0  W 1 2 . 7 5 0 0  H D E G R E E S
I M H G E : 5 . 3 2  W 6 . 5 1  H M I L L I M E T E R S
M R X I M U M  D I S T O R T I O N :  - 9 . 6 9 2 0 /
S C R L E  : 1 . 0 0 0 X ,  W R V E L E N G T H  : 0 . 3 0 9 0  / i ai
UO S P E C T R O M E T E R !
I U  R N  F = E F 2 N R N D E  
S U R R E Y  S P R C E  C E N T R E I
U U  S P E C T R O M E T E R , Z M X |  
C O N F I G U R R T I O N  1 O F  1
Figure D-2 Grid distortion
Spherical Aberration
The variation o f focus with aperture is shown below for three fields.
0 . 0 0 ,  0 . 0 0  DEG
—I
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00.
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E N T R R N C E  P U P I L  R B E R R R T I O N
L E N S  H R S  ND T I T L E .
S U N  R P R  2 0  2 0 0 8
M R X I M U M  S C R L E :  + 1 0 , 0 0 0  P E R C E N T .
0.305 0.306 0.307 0.303 0.310 0.311 0,312 0.313 0.31H 0.315 0.331 0.360
S U R F A C E :  I M R G E  C I M A G E !
UO S P E C T R O M E T E R
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S U R R E Y  S P R C E  C E N T R E
U U  S P E C T R O M E T E R . Z M X  
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Figure D-3 Entrance Pupil Aberration
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Longitudinal Aberration
P U P I L  R A D I U S  '• 2 . 0 0 0 0  M I L L I M E T E R S
0 . 00 1 0 . 0 0- 1 0 . 0 0
M I L L I M E T E R S
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Figure D-4 Longitudinal Aberration
Through focus analysis
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Figure D-5 Diffraction through focus MTF
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Appendix E: Detector and Electronics
SiC Detector Array Quotation
Juan Fernandez 
Surrey Space Centre 
University o f Surrey 
Guildford 
Surrey
Quotation N°. 
Quotation Date
SI 05 08-31 
31st August 2005
Bartles Industrial Estate 
North Street 
Redruth
Cornwall TR15 1HR 
United Kingdom
Item PartNo. Description
10 x 10 element SiC area array
Specifications:
Pixel characteristics will be 
according to the SG01S sensor, 
as per attached data sheet. The 
same chip will be used, 
mounted in a square 10x10- 
pattem with 0.4 mm pitch. The 
housing will be based on a 
standard square package with a 
quartz window. The 
dimensions of the Cerquad 
package are given on the 
attached sheet.
Qty
Unit
Price
£ 1970.00
Freight and Insurance
Sub total
VAT m  17.5%
TOTAL
Amount
£ 1970.00
£ 12.00
£ 1982.00
£ 346.85
£ 2328.85
t. +44 [0]1209 314608  
f. +44 [0]1209 314609  
f2. +44 [0]870 1600860
I. www.scitec.uk.com  
e. scitec@scitec.uk.com
Director. JW Smith Ph.D
S d tec  Instruments Ltd 
Registered in England 
No. 1535664
Registered Office 
S d tec Instruments Ltd 
Bartles Industrial Estate 
North Street, Redruth 
Cornwall TR15 1HR
Terms and Conditions
Validity 60 days
Delivery 11 weeks from receipt o f an order.
Payment Net 30 days
Ownership All goods remain the property of Scitec Instruments Ltd until paid for in full.
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Electronics
DDC232 - Electrical Characteristics
^  T e x a s  DDC232
In s t r u m e n t s
w w w -ti.com
________________________________________________________________ SBAS331C-AUGUST 2004-REVISED SEPTEMBER 2306
ELECTRICAL CHARACTERISTICS
At Ta = +25*C, AVDD = +5V, DVDD = +3.0V, VREF = +4.096V, tIN7 = 333ys in Low-Power mode (CLK = 5MHz), 
Range = 7, and continuous mode operation, unless otherwise noted.
PARAMETER TESTCONOmONS
DDC232C DDC232CK
UNITMIN TYP MAX MIN TYP MAX
ANALOG INPUT RANGE
R jn g e ! 4* SO 55 45 53 55 PC
Range 2 93 103 110 9D 103 113 pc
R anges 135 153 155 135 153 165 PC
Rjnge 4 150 203 220 130 203 223 pc
Rmge s 225 253 275 225 253 275 PC
Range t 27C 303 330 270 303 333 pc
Range 7 316 353 365 315 353 365 pc
N5g3ttve Full-S53le R jrge -0 4 %  cr Pes-Tve FUl-Eca'e Range -0.4% cf Pc&Tve Fu:l-Scs.’e  Range p c
DYNAMIC CHARACTERISTICS
Data Rate Lcw-Pcwer Mode 3 3.125 3 3.125 BSPS
High-Speed Mode Not Supported 5 €.2 ItSPC
M eg-slim TtT.e, ttc ContrniouB Mode. Lcw-Pdwer Mode S2D 1,030203 320 1.030X03 M
ContruojB Mede. Hgr-Cpced Mode KotCipportee 152 1X30X03 PS
Non-Cortnuous Mode 53 50 P*
systsm cats (CLK) Lcr/.-Pov/sr M:Cs. cxjx  -  a 1 5 1 5 MHZ
HW-opeed Mcde. C S 4 x  -  a 1 10 1 10 MHz
Low-Power Metis. c : t j tx  - 1 4 20 4 20 MHZ
Kgn-Dpeed Mode. cxjix - t 4 40 4 40 MHZ
DStS CISC* (OCLK) 20 20 MHZ
Cenf.gtraisr. caelt (CLK_CFG) 20 20 MHZ
ACCURACY
N:lse. Lao-Level irpttm Csc«ai®” SrpF 6.3 7 ppm Of FSR®. RIB
Msg-3! u n sa ltj Eror;« *0.025% Rea3irg* ix p p n  f e r .  typ
*0.05% Rejffng* i.Jppn  FCR, max
Rseoxillm Forrat - 1 23 20 SUB
Format- 0 15 16 SOB
Input E as  Current *0.1 *13 *0.1 *10 PA
Rjnge Error Maton® 0.1 C|5 0.1 0.5 % or FSR
Rjnge SetiBlUvlijr to VREF V R E F -4X95 i0.1V 1:1 1:1
C rsst Error *230 *1030 *230 *1030 ppm Cf FOR
C fsst Error Matctu* *130 *130 ppxcfFE R
DC Elas votjge"! LoA-Levs! Input (< 1% f s r j *0.1 ±2 *0.1 *2 nv
Fowsr-SuFply R s.'e-on Ratio at DC 103 *630 103 *630 ppncfFE R V
(1) Input is iess than 1% of fuil-sca'e.
(2) Csengcr ® the capacitance seen at the DDC232 inputs from wiring, photodiode, etc.
(3) FSR i3 Full-Sca’e  Range.
(4) A best-fit fine is used in measuring nonlinearity.
(5) Matching between side A and side B of the same input.
(6) Voltage produced by the DOC232 at its input that is applied to the sensor.
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DDC232 ^  T e x a s
In s t r u m e n t s
w w w .ti.com
SBAS331C-AUGUST 2004-REVISED SEPTEMBER 2006________________________________________________________________
ELECTRICAL CHARACTERISTICS (continued)
AtTA = +25*C, AVDD = +5V, DVDD = +3.0V, VREF = +4.096V, t,N7 = 333ps in Low-Powsr mode (CLK = 5MHz), 
Range = 7, and continuous mode operation, unless otherwise noted.
DDC232C D0C232CK
PARAMETER TEST CONDITIONS MIN TYP MAX MIN TYP MAX UNIT
PERFORMANCE OVER TEMPERATURE
crutcrtit 40.5 JOTf 40.5 t.T, puncF F SS i'c
cnet cm  aaciiiy 40.2 2‘7> 40.2 2on ppm cf FSRimnate
dc eis* vouge crs<® 43 43 nVrc
in ;if  E;as c u r s r :  c m T* “  e25*C to +45’C 0.01 t PV D.01 pA.'C
Rjnge Drift® 25 SO 23 50 FPT-"C
R3nge o u t  M3tcn',:> ± j 43 FPT.-C
REFERENCE
V oage 4.0CC 4.056 4.20D 4.0C0 4.036 430D V
In jil C u ts itii 'i Average V3.XI5 win w  3J5i*s 
Average V3lue wlfh t*T -  ise.Eus
325
esc
325
353
pA
pA
DIGITAL INPUTfOUTPUT
Logic leves-
v* p.SpVDO CVDD + D1 (M)DVDO DVDD + 0.1 V
V4 -0.1 (0.:;o ‘/ do -0.1 {07;DTOD V
Vo, to i"  —5C3pA DVDO-O.4 DVDD -0 .4 V
Vo. to. -  EOCmA 0.4 0.4 V
Inpit C in«rs (I*) D<VW<DL<OD 413 41D pA
Djta Fomx'™ ciraigMBrury S iraigtt e.njfy
POWER-SUPPLY REOUIREMENTS
Aralcg Pw er-Sipp ly V'cltage (AVDD) 4.75 3.0 5.25 4.75 5.3 525 V
Digfe! Pover-suppy Vo'tjge (DVDD) 2.7 3.0 3.6 2.7 3.0 3 6 V
c u jp y  C yfeit
A w og Current Lew-Pcwer Vole 41 41 mA
Hlgh-spese Voce Not ClpporteC 63 rnA
Digital Current Lcw-PC'Aer Vole 3.7 3.7 rnA
High-speec Voce Not SLpfotec 7.0 nA
7ctai Fewer Diw’pxor Lcw-Pcwer Voce 224 253 224 263 mv
Higivcpees Voce NotCLpjortec 323 n w
Fer c n n r e i  Ferrer D'ssTut on Lsw-Pcwer Vole * 5 7 9 n w rc runner
High-Speec Voce Not ClppoKC 13 nw.Cfijnnei
(7) Ensured by design, not production tested.
(8) Voltage produced by the DDC232 at its input that is applied to the sensor.
(9) Range drift does not include external reference drift
(10) Matching between side A and side B of the sam e input.
(11) Input reference current decreases with increasing Iimt (see the Voltage Reference section, page 10).
(12) Data format is Straight Binary with a smalt offset The number of bits in the output word is controlled by the Format bit.
ABSOLUTE MAXIMUM RATINGS*1*
AVDD to AG NO -0.3V  to +6V
DVDD to DGND -0.3V  to +3.6V
AGND to DGND ±0.2V
VREF Input to AGND 2.0V to AVDD + 0.3V
Analog Input to AGND -0.3V  to +0.7V
Digital Input Voltage to DGND -0.3V  to DVDD + 0.3V
Digital Output Voltage to DGND -0.3V  to AVDD + 0.3V
Operating Temperature OX to +708C
Storage Temperature -6 0 ’C to+150'C
Junction Temperature (Tj) +1508C
(1) Stresses above these ratings may cause permanent damage. Exposure to absolute maximum conditions for extended periods may 
degrade device reliability. These are stress ratings only, and functional operation of the device at these or any other conditions beyond 
those specified is not implied.
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TYPICAL CHARACTERISTICS
At 'A= *2S*C. characterization sone Range 5 (2SCpC). T,hT = SCDiis. VREF = +4 09? AVro = DV^ j * +5V a m i CLK = 10MHz. un ess otherwise noted
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DDC232 - Mechanical Data
MECHANICAL DATA
GXG (S -P B G A -N 6 4 ) PLASTIC BALL GRID ARRAY
a
B/ID
7,90
A1 Comer
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0,96
I
u u u u u u u u .
I,4B TIP
0 0,15©l AlB|cl 
0 D,flatS>[A|
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0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
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NOTES: A. All linear dimensions are in millimeters.
0, This drawing is subject to change without notice.
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DDC112U-C Device-Under-Test Board
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Appendix F: Retrieval Algorithms
Spectral Radiance -> Radiance
Ref e ren ce:Tro pAt m_S A25.0_a I b0.3. pa c 
03: 277.610 [DU] S02: 0.107990 [DU]
Files: TropAtrn_SA25.0_Alb0.3_04.0km_*e--01 ppmv_031 ,*.psc
SurRef: 0.3 Solar Angle: 25.00
03: 277.610 -  374.770 [DU] 
S02: 4.07550 -  33.9510 [DU] 
alb; 0,3 -  0.3
TropAtm_SA25.o'_alb0.3.psc <*)3: 277.610 [DU] '
TropAtm_SA25.0_AIbO.3_04. Ok m_1 e— 01 p pmv_031.00. psc 03: 277.610 [DU]
TrapAtm_SA25.0_.A(bQ.3_04.i}ferr,. i«-01ppmv_D31.35,p-gc. 03: 374.770 [OU]
TropAtm_SA25.0_Alb0.3_04.0krn_6e-01ppmv_031 .OO.psc 03: 277.610 [DU] 
TropAtm_SA25.0_Alb0.3_04.0km_7e-Q1 ppmv_031.35.psc 03: 374.770 [DU] 
TropAtm_SA25.0_Alb0.3_04.0km_9e—01 ppmv_031.17.psc 03: 324.800 [DU]
304 306 308 310 312 314 316
Wavelength [nm]
Spectral Radiance -> Total Radiance T ropAtm_SA2 5. 0_ AlbO. 3_0 4. Okm_*e- 01 ppn w_0 31.*. psc
Reference:TropAt m_S A25.0_a I b0.3. p3 c 
03: 277.610 [DU] S02: 0.107990 [DU]
Files: TropAtm_SA25.0_JAlb0.3_04.0km_*e~01 ppmv_031 ,*.psc
5= 3 -
1 —
304
SurRef: 0.3 Solar Angle: 25.00
03: 277.610 -  374.770 [DU] 
S02: 4.07550 -  33.9510 [DU] 
alb: 0.3 -  0.3
 1--------1--------1------- 1--------1--------1--------r 1--------1------!--------- 1--------1--------1--------1--------1------- 1--------1—
TropAtm_JSA25.0_jaIb0.3.psc 03: 277.610 [DU]
TropAtm_SA25.0_Alb0.3_04.0km_1e—01 pprmv_031 .OO.psc 03: 277.610 [DU]
Ti ,jpAtm_SA25 l}.AIb0.3_0*.i>krri_ie-0 i ppwv-DJi 03: 374. 770 [UU]
TropAtm_SA25.0->lb0.3_04.0krn_6e-01 pprnv_031 .OO.psc 03: 277.610 [DU] 
TropAtm_SA25.0^Alb0.3_04.0km_7e-01 ppmv_031.35.psc 03: 374.770 [DU] 
7ropAtm_SA25,0_Alb0.3_04,0km_9e— 01 ppmv_031.17.psc 03: 324.800 [DU]
306 310
Wavelength [nm]
312 314 316
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Radiance Difference (w.r.t. TropAtm_SA25.0_alb0.3.psc) S02 DU: 4.07 33.9
Reference:TropAtm2SA25.0_alb0.3.psc SurRef: 0.3 Solar Angle: 25.00
03: 277.610 [DU] S02: 0.107990 [DU]
Piles: TropAtm_SA25.Q_Alb0.3_04.QI<m_*e—01 ppmv_031 .*.psc 03: 277.610 -  374.770 [DU]
S02: 4.07550 -  33.9510 [DU] 
alb: 0.3 -  0.3
I 1
'§
co
T7Ocr
0.2  - u □
0.0
310 312 314304 316
33.91
30.2
22.81
"c<u
J 19.1
c
EJ3
3  15.4
g n ob, -
cn
7.89 
4.071
Wavelength [nm]
Radiance Ratio (w .r.t. TropAtm_SA25.0_aJb0.3.psc) S02: 4.07 - 33.9 \
Reference:TropAtm_SA25.0_jalb0.3.psc 
03: 277.610 [DU] S02: 0.107990 [DU]
Files: TropAtm_SA25.0_Alb0.3_04.Qkm_*e~01 ppmv_031 ,*.psc
SurRef: 0.3 Solar Angle: 25.00
03: 277.610 -  374.770 [DU] 
S02: 4.07550 -  33.9510 [DU] 
alb: 0.3 -  0.3
2.5
o  2.0
l_l
306 308 310 312 314 316304
30.2 
26.51
22.81
|
3  19.11 
|
3  15.4 - 
£
8  ii.®'
(A
7.89
4.07
Wavelength [nm]
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Radiance Difference (w .r.t. TropAtm_SA25.0_alb0.3.psc) S02 DU: 4 .0 /•  33.9
Ref e re n ce:Tro pAf m JSA25,0_o IbO .3. ps c 
03: 277.610 [DU] SD2: 0.107990 [DU]
Files: TropAtm_SA25.0_Alb0.3_04.0km_*e-01 ppmv_031 .*.psc
SurRef: 0.3 Solar Angle: 25.00
03: 277.610 -  374.770 [DU] 
S02: 4,07550 -  33.9510 [DU] 
alb: 0,3 -  0.3
M
£
cg
TDO
IE
,g
c
Saj
2 -
300 320 340 360 380280
33.91
30,2
26.5
£  22.81 
1c
8 15.4
7.89
4.07
II
I
Wavelength [nm]
Radiance Ratio ((w.r.t. TropAtni_SA25.0_alt>0.3.psc) S02: 4.07 - 33.9
Reference:TrapA1m_SA25.0_albQ.3.psc SurRef: 0.3 Solar Angle: 25.00
03: 277.610 [DU] S02: 0.107990 [DU]
Files: TropAtm_SA25.Q_JMb0.3_04.0km_*e~01ppmv_031.*.psc 03: 277.610 -  374.770 [DU]
S02: 4.07550 -  33.9510 [DU] 
alb: 0,3 -  0.3
33.91
30.2
26.5
22.8
19,1
• ■
8 15.4
SI 11.€
7.89
4.07
300 320 340
Wavelength [nm]
360
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■  Delta Ratio Files
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